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ABSTRACT
Selection of materials to be used for components experiencing extreme conditions is a
critical process in the design phase. Nickel-base superalloys have been frequently used for hot gas
path components in the turbomachinery industry. These components are required to withstand both
fatigue and creep at extreme temperatures during their service time. In general, the extreme
temperature materials mostly embody polycrystalline, directionally solidified, and single crystal
superalloys. It is essential for design engineers to predict accurate damage behavior and lifespan
for these components to prevent catastrophic failures. This dissertation presents a new framework
to represent mechanical behavior of Nickel-base superalloys under variety of loading conditions.
A set of constitutive and lifing models that can be applied broadly are developed based on observed
trends. Despite the development of over 30 variations of single crystal and directionally solidified
Nickel-base superalloys, the behavior of these alloys nominally follows similar trends with respect
to temperature and orientation. Temperature-, rate-, and orientation- dependence of these materials
are studied. The goal is to eliminate extensive time and cost of experiments by creating parameters
to be used in strength and life calculations for generic single crystal and directionally solidified
Nickel-base alloys. In order to apply generic constants to deformation modeling, a crystalplasticity model is modified to create stress-strain hysteresis loops. Strain, stress and multi-axial
life models are developed to represent the lifing behavior of the candidate alloys under uniaxial
and multiaxial environments. Tensile and low-cycle fatigue experiments are conducted to measure
the accuracy of these models. Parameters for the models are built on regression fits in comparison
with a comprehensive material database. This database includes elastic, plastic, creep, and fatigue
properties.
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CHAPTER 1 INTRODUCTION

Industrial gas turbines (IGTs) are frequently utilized to create electricity for communities,
and smaller turbines are used to power vehicles such as airplane, naval vessels, and trains. While
some of these gas turbines are subjected to sustained loads, many have been used to meet the
fluctuating power demands throughout the day through the use of peaking units. To develop robust
components, it is crucial to analyze the material behavior and its subsequent impact on the life of
the component. To improve the reliability, service life, and performance capabilities along with
the reduction of development cost; a framework comprising of experimental analysis, theoretical
mechanics, and numerical simulations is presented. Selection of materials to be used for
components experiencing extreme conditions is a critical process in the design phase.
As newer alloys emerge as potential candidates for hot structures; however, their adaptation
in designs can be decelerated due to the expansive test programs needed to develop the requisite
data set (tensile, creep, fatigue tests, etc.). A novel approach to deformation and life prediction
modeling is presented here to allow for the development of accurate first approximations of
durability under complex conditions with simple experiments: tensile, LCF and creep. Other
experiments (i.e., creep-fatigue, TMF, multiaxial) are used for model verification.
Nickel-base superalloys (NBSAs) were originally manufactured by forging, however, with
the development of vacuum melting technologies in the 1950s. (Heo I, 2019) Processing
techniques evolved, thus leading to the development of single-crystal (SX) and directionallysolidified alloys (DS). Various factors such as loading conditions, temperature, and material
orientation affect material behavior. Single crystal and directionally solidified materials show
1

temperature orientation and dependence, their mechanical properties vary significantly with
orientation and temperature. Thermal cycling coupled with cyclic loading will lead to
thermomechanical fatigue which increases the effects of microstructural damage, consequently
leading to the formation of fatigue cracks and subsequent failure of the component. (Wijeyeratne,
Irmak, Jeon , & Gordon , 2020)
Research is proposed to present generic strength, deformation and life models for single
crystal and directionally solidified Nickel-base superalloys base on observed trends. Despite the
development of over 50 variations of SX and DS Nickel-base superalloys, the behavior of these
alloys nominally follows similar trends with respect to temperature and orientation. Temperature,
rate, and orientation-dependence of these materials are studied. The goal is to develop a framework
to eliminate extensive time and cost of experiments by creating parameters to be used in strength
and life calculations for generic single crystal Ni-base alloys. Parameters for the models are built
on regression fits in comparison with a comprehensive material database. This database includes
elastic, plastic, creep, and fatigue properties.
The organization of this thesis is as follows; a literature review of NBSAs, deformation,
and life prediction models and identifies the current knowledge gaps in these areas. This is
followed by an overview of experimental method and results. The constitutive and life prediction
models are presented and compared with experimental data. Finally, a summary of this research is
provided.
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CHAPTER 2 LITERATURE REVIEW
In recent decades, Nickel-base superalloys have been the subject of various studies. Their
behavior has been observed, tested, modeled, and predicted with reasonable accuracy, resulting in
the development of models and tools that have been used to construct efficient gas turbines with
immense power outputs. It is necessary to review the theories and results published in literature to
build up a characterization framework Nickel-base superalloys. To complement this knowledge,
classical theories of constitutive, yield, and life prediction modeling must be surveyed. Critical
analyses of these subjects are key to formulating an effective research approach. This chapter
consists of a comprehensive literature review that sets the groundwork for the various modeling
development in this study.

2.1 Nickel-base Superalloys
Nickel-base superalloys (NBSAs) are a group of materials that are extensively used in hightemperature applications such as aero and industrial gas turbine applications. Nickel-base
superalloys can endure high temperatures and stresses for extended periods, they also exhibit
excellent fatigue life and corrosion-resistant properties. These materials are mainly used to develop
components such as turbine blades, combustors and disks, and vanes. The evolution of processing
methods leads to the development of single-crystal (SX) and directionally solidified (DS) alloys.
Directional solidification methods enabled the solidification arrangement of the materials
to be comprised of columnar grains which are aligned parallel to the [001] direction. Failure
initiation within the microstructure arises at the grain boundaries thus elimination of grain
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boundaries in comparison to polycrystal materials and the alignment of the grain boundaries
normal to the stress axis enhances the strength of DS materials at high temperatures. The columnar
grains which are randomly oriented in the basal plane produce a material with transversely
isotropic properties (Beck T, 2002).
The absence of grain boundaries in the SX microstructure eliminates the potential sites
where most damage could be accumulated at high temperatures. Thusly, SX materials have
enhanced thermal fatigue and creep resistance capabilities. The microstructure of NBSAs typically
comprises of two phases, γ and γ′. The γ phase functions as the primary matrix phase, while the γ′
particles function as strengtheners. The matrix phase consists of high weight fractions of Cr, Co
and Mo, while the particulate phase is the intermetallic compound which gives strength to the
material. The superior high-temperature capabilities of NBSAs are attributed to the precipitation
of the high-volume fractions of the γ phase, typically the volume fraction ranges between 60-70%.
Also, Al, Ti, and Ta form the γ′ phase which leads to the strengthening of the material. The ultimate
strength and yield strength for both the SX and DS materials increase with increasing temperature
up to a certain point beyond which they begin to decrease, this behavior is consistent with other
NBSAs found in the literature. The slight rise in the strength can be attributed to the unusual flow
behavior of the γ′ phase and γ-γ′ misfit. In SX materials, the physical and mechanical properties
often vary with orientation. In SX and DS NBSAs, plastic deformation occurs by crystallographic
slip occurring on a certain set of crystallographic slip planes along with a set of directions within
the slip planes. The amount slip is dictated by the resolved shear stresses along the slip planes and
comply with the Schmid law. In orientations other than [001], however, the Schmid law is violated
hence slip can depend on a certain slip plane as well as slip from other planes known as cross slip.
4

Another feature that is common in NBSAs with high γ′ particles is the orientation and temperaturedependence of the tension/compression asymmetry. The inclusion of the above-mentioned
behaviors is crucial in developing a model that can accurately simulate the material response for a
variety of temperatures and orientations. In this section, the most essential material properties of
SX and DS NBSAs are gathered and analyzed to support the modeling efforts.

2.1.1 Elastic Properties
Comprehensive databases are created for elastic, strength, creep and fatigue behavior of
DS and SX using available data from previous studies. Three crystallographic directions for SX
alloys are focused on this study: [001], [011] and [111] orientations. Elastic modulus of various
NBSAs under room temperature to 1200 °C for the three orientations are shown in Figure 2-1. As
expected, each orientation has the highest modulus value at the room temperature, then it gradually
decreases with respect increasing temperature. With carefully analyzing the figure, it is observed
that SX NBSAs follow almost identical trends for elastic modulus under variety of cases. Most of
the data points are in the bandwidth range of ±10 GPa for each temperature interval. Additionally,
it is clear that [001] orientated alloys have the lowest modulus values, while [111] orientation
presenting highest.
Three crystallographic directions for DS alloys are [001], [010] and [011] orientations.
Similar to the SX alloys, various DS alloys have almost identical elastic behavior under different
temperature levels, as shown in Figure 2-2. Shear modulus values for the SX and DS alloys are
presenting very similar values, similar to the elastic modulus, in Figure 2-3.
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Figure 2-1. Elastic modulus of various SX NBSAs for a) [001], b) [011] and c) [111] alloys.
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Figure 2-2. Elastic modulus of various DS NBSAs for a) [001], b) [010] and c) [011] oriented
alloys.
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Figure 2-3. Shear modulus of various SX and DS NBSAs.
Three- dimensional elasticity surfaces of generic SX and DS alloys are created by a
MATLAB code (provided in Appendix B-2). The surfaces are shown in Figure 2-4
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Figure 2-4. Three-dimensional elastic surface plots of generic SX (left) and generic DS (right) alloys,

2.1.2 Strength Properties
Tensile and yield strength properties are essential values to capture for material
characterization and modeling prcoess. 0.2% Yield Strength values of various SX NBSAs under
room temperature to 1200°C for the three orientations are presented in Figure 2-5. Most of the data
points from literature are in [001] orientation. After carefully analyzing these plots, it is observed
that SX NBSAs follow very similar trends for yield values under a variety of cases. Most of the
data points are in the bandwidth range of ±50 MPa for each temperature interval, except two
different CMSX alloys have higher yield strength values at intermediate temperature levels
compared to the rest. There is no certain result in which orientation has higher yield strength.
Three crystallographic directions for DS alloys are [001], [010] and [011] orientations.
Similar to the SX alloys, various DS alloys have alike yield behavior under different temperature
levels, as shown in Figure 2-6. Much fewer data points are available for off-axis orientations for
DS alloys in the open literature. Kakehi and Rae (Kakehi, Rae, & Reed, 2008) studied the
difference between tensile and compressive yield strength values for SX NBSAs in 2008. The
yield strength values in tension and compression are provided for PWA 1480, CMSX-4 and TMS
9

75 SX alloys in Figure 2-7. Alloy PWA 1480 presents strong tensile/compressive asymmetrical
(TCA) behavior at the room temperature, 400°C, and 760°C. In contrast, SX alloys CMSX-4 and
TMS 75 have almost identical values for yield strength values in tension and compression. Kakehi
and Rae concluded that the TCA behavior for NBSAs can be alloy dependent. Segarsel and
Moverare conducted tensile and compressive experiments on DD8 SX alloy in 2013. In this
particular study, the tensile and compressive yield values are compared in the three
crystallographic orientations. (Segersall & Moverare, 2013) The yield values for [001] and [111]
orientations present identical values in tension and compression loading; however, the TCA
behavior is active for the data points with [011] orientation. This demonstrates the orientation
dependence of the TCA behavior for NBSAs.
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Figure 2-5. Yield Strength of various SX alloys in [001], [011] and [111] orientations.
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Figure 2-6. Yield Strength values of various DS alloys in [001], [010] and [011] orientations.
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Figure 2-7. Alloy dependence of TCA behavior for NBSAs. (Kakehi, Rae, & Reed, 2008)

13

Figure 2-8. Orientation dependence of TCA behavior for DD8 SX alloy. (Segersall &
Moverare, 2013)
Additionally, ultimate tensile strength values of SX alloys are gathered over various
temperature levels. The tensile strength of [001], [011] and [111] oriented SX alloys are gathered
in Figure 2-9. The strength behavior comparison between different orientations is not as
straightforward as it was for elastic modulus. For the [001] and [011] orientations, the tensile
strength is around 1000 MPa and keeps increasing until its peak at approximately 800°C. There is
a sharp decline in the strength after the peak for these orientations. In contrary, the ultimate strength
value has the highest value at the room temperature for the [111] orientated alloys, as shown in
Figure 2-9. Also, the strength values gradually decrease after the room temperature.
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Figure 2-9. Ultimate tensile strength of various SX NBSAs for a) [001], b) [011] and c)
[111] oriented alloys.
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2.1.3 Fatigue Properties
Fatigue is defined as the main mechanism of crack initiation and early propagation of a
material experiencing cycling loading. This damage mechanism progresses in metals by way of
dislocation occurrence on preferentially oriented grains causing slip bands with intrusion and
extrusion development and finally a Stage I crack. (Bouchenot, Gordon, Shinde , & Gravett, An
Analytical Stress-Strain Hysteresis Model for a DS Superalloy Under TMF, 2014) Single crystal
blades are designed such that the radial axis of the component is essentially coincident with the
[001] crystallographic orientation which is the direction of solidification. Crystallographic fracture
exhibits either octahedral along multiple [111] planes or under certain circumstances as [001]
cleavage along cubic planes. (Huron, 1986) Similar to the elastic and strength properties, a
comprehensive database was created to analyze cycles to failure behavior of NBSAs.
Cycles to failure behavior of the three crystallographic orientations at three different
temperatures are presented in Figure 2-10 with multiple SX NBSAs. Low cycle fatigue data for
SX NBSAs is not as abundant as elastic properties from literature. Even though, each figure (2-9a,
2-9b and 2-9c) has at least two alloys per orientation, and these alloys illustrate almost identical
cycles to failure values for respective cases. This demonstrates a similar behavior from different
materials exist for this class of single crystal alloys. For each temperature, the [001] orientation is
displaying the longest life, while the [111] orientation with the shortest. For all the temperatures,
cycles to failures for [011] and [111] orientations are very close, while is [001] is much longer,
especially for higher temperatures.
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Figure 2-10. Cycles to failure data of various SX NBSAs at a) 650°C, b) 760°C and c) 860°C.
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Figure 2-11. Number of cycles to failure data of various DS NBSAs at 870°C and 950°C.
Similar to the SX alloys, the DS alloys have the longest number cycles of failure values
with [001] oriented alloys. This behavior is presented with DS Rene 80 alloy (Abrokwan, Ojo, &
Richards, 2013) in Figure 2-11. Additionally, off-axis orientations have almost identical values at
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870°C.

2.1.4 Creep Properties
Creep is the permanent deformation resulting from the application of a constant load at an
elevated temperature over an extended period of time. Accumulation of creep strain is expected in
gas turbine components during operation, making the consideration of creep one of the primary
factors in IGT design. For example, the hot gas path temperatures combined with either thermallydriven or mechanically-driven loads and are strong sources of creep deformation in IGT blades
and vanes. Under a constant temperature and stress, creep strain accumulates in three regimes:
primary, secondary, and tertiary creep. Primary creep is characterized by a decreasing creep rate
associated with strain hardening of the material. In the secondary creep regime, the material
deforms at a constant, lower rate, which is why the creep rate in this regime is often referred to as
steady-state creep rate or minimum creep rate. Tertiary creep is marked by an increasing creep rate
as a result of the reduction of area from necking (Bouchenot T. , 2021). Creep strain and rupture
data of various SX and DS alloys are obtained to study the creep deformation and to support the
modeling efforts. Minimum creep rate increases with respect to increasing applied stress values
for the SX alloys, as shown in Figure 2-12. Additionally, this figure presents higher creep rate
values at higher temperature levels. In contrast, creep rupture time has lower values when the
applied stress is increasing (Figure 2-13). Similar behavior can be noticed with DS alloys as well.
Minimum creep rate and creep rupture time behavior of various DS alloys are presented in Figure
2-14 and Figure 2-15, respectively.
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Figure 2-12. Minimum creep rate respect to applied stress for various SX alloys.
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Figure 2-13. Creep rupture behavior of various SX alloys.
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Figure 2-14. Minimum creep rate respect to applied stress for various SX alloys.
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Figure 2-15. Creep rupture behavior of various SX alloys.
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2.2 Review of Life Prediction Approaches
A variety of approaches have been developed to predict fatigue life of materials and
structures under complex conditions. It is important to accurately predict life-span of a component
experiencing fatigue damage or unexpected structural failures could occur. Starting with classical
theories and moving to more advanced approaches, various lifing models are discussed in this
section.

2.2.1 Stress-life
While the stress-based approach to fatigue analysis of materials was the first to be
developed, it continues to endure with broad usage in a wide variety of engineering applications.
It serves as the primary approach used to make first approximations of the number of cycles to
failure a material or component will display under cyclic loading; consequently, the stress-life (i.e.,
σ-N) method has the largest amount of data built up in literature and databases. Users of the stresslife method will observe how straight-forward the method is regarding making hand or spreadsheet
calculations under a wide range of conditions. The candidate structure under consideration is
considered as undamaged. No physically observable cracks exist prior to mechanical loading. the
plastic strain range is a significant portion of the total strain range, then the ε-N approach (strainlife) is more appropriate. (Suresh, Stress–life approach, 1998)
The stress-life method is founded on the Wöhler diagram that relates cyclic stress to fatigue
life (Wohler, 1855). The diagram consists of stress as the ordinate (e.g. vertical axis), while the
fatigue life is arranged along the abscissa (e.g. horizontal axis). Commonly, stress is denoted by S
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or σ, while cycles are represented by N or 𝑁𝑓 . Fatigue reversals, 2𝑁𝑓 , may also be used. A typical
S-N diagram is displayed in Figure 2-16[NACA Tech, 1966].

Figure 2-16. Stress fatigue life of normalized AISI 4130 (UNS G41300) under completelyreversed axial loading [NACA Tech 1966].
Numerous testing procedures can be used to generate the data needed to develop an S-N
diagram. For example, uniaxial, cantilever bending, rotating bending, or torsional. Most
importantly, the stress amplitude is defined as:

(2-1)
This value corresponds to the alternating component of the history and is the vertical axis
on the S-N diagram. The mean stress is defined by:

(2-2)
This component denotes the steady value of stress over the history. Mean stress effects strongly
influence the stress-life response of a material. The fatigue stress ratio is given as:
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𝑅=

𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥

(2-3)

There are three common reference conditions for fatigue loading: (a) fully-reversed (R =
-1), (b) zero-to-tension (R = 0), and (c) zero-to-compression (R = -∞). The region between fatigue
lives of one and approximately one thousand corresponds to Low Cycle Fatigue (LCF), while the
section between one thousand and one million (and in some cases ten million) corresponds to High
Cycle Fatigue (HCF). The most common way to simulate HCF life is to utilize Basquin’s equation.
Basquin’s equation (Basquin, 1910) is a power law relationship which describes the linear
relationship between the applied stress cycles (S) in the y-axis and the number of cycles to failure
in the x-axis plotted on a log-log or semi-log scale.
Completely-reversed conditions represent a small fraction of loading types to which real
components are subjected. For a series of fatigue tests on a material, increasing the mean stress
while holding the stress amplitude constant has the influence of subjecting test coupons to
increasingly tensile conditions. On the microstructural level, microcracks that are formed will be
held in tension for a higher fraction of the cycle if tensile mean stresses are applied. The number
of cycles to failure will be reduced, consequently. Mean stress theories have been developed to
represent the locus of stress amplitude and mean stress points having constant life.
There are a number of criteria that have been developed to empirically model data in the
Haigh diagram. Based on the shape of the data, either linear (Soderberg (Soderberg, 1939),
modified Goodman (Goodman, 1899), Morrow (Morrow, 1968)), parabolic (Gerber (Gerber,
1874)), or elliptical (ASME-elliptic) models are plausible to regress stress amplitude versus mean
stress data. Each of the models is sketched in Figure 2-17.
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Figure 2-17. Mean correction methods are plotted in the Haigh Diagram. (Soderberg, 1939)
Based on its balance of simplicity, accuracy and level of conservatism, the modified
Goodman model is the most commonly employed:
𝜎𝑎
𝑆𝑒

𝜎

+ 𝑆𝑚 = 1
𝑢𝑡

(2-4)

Here stress amplitude, a measure of cyclic stress, is compared with a mechanical property of
fatigue, while the mean stress, a relatively static measure, is compared with a monotonic tensile
property. Since the endurance limit is used in Eq. (2-4), the combination of stress amplitude and
mean stress corresponds to the fatigue life separating HCF from infinite life. A more conservative
approximation than the modified Goodman model (Goodman, 1899) can be attractive. The
Soderberg [add ref] line employs the yield strength in place of the tensile strength, i.e.,
𝜎𝑎
𝑆𝑒

+

𝜎𝑚
𝑆𝑌

=1

(2-5)
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For non-zero mean stress cases, the Soderberg model is always more conservative than the
modified Goodman criteria. Alternatively, the Morrow (Morrow, 1968) line is less conservative
since it uses the true fracture stress
𝜎𝑎
𝑆𝑒

+

𝜎𝑚
𝜎𝑓

=1

(2-6)

It should be noted that for brittle materials, the true fracture stress and the ultimate tensile strength
can be similar; consequently, the Morrow and modified Goodman lines will converge. Non-linear
models, such as the Gerber (Gerber, 1874) parabola
𝜎𝑎
𝑆𝑒

𝜎

2

+ (𝑆 𝑚 ) = 1
𝑢𝑡

(2-7)

Of all the mean stress correction theories, the Gerber parabola is the least conservative. For finite
life calculations, 𝑆𝑒 can be replaced with the completely-reversed alternating stress corresponding
to a given finite life. The stress amplitude corresponding to fully-reversed loading is needed to
determine the fatigue life. In this regard the stress-based failure theories convert a non-fully
reversed stress amplitude, 𝜎𝑎 , into its completely-reversed analogy, 𝜎𝑎,𝑐𝑟 , while correcting for
mean stress. The Morrow line given in Eq. (2-6) is restated as
𝜎𝑎
𝜎𝑎,𝑐𝑟

+

𝜎𝑚
𝜎𝑓

=1

(2-7)

2.2.2 Strain-life
Cyclic plastic deformation is an important part of fatigue analysis since fatigue cracks
initiate at regions with cyclic plasticity. Stress risers, which take the forms of shoulders, holes,
groves, and the like, serve as spots where plasticity can be localized. The fundamental goal of
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mechanical testing, therefore, is to simulate the cyclic plasticity exhibited in real parts. Loadcontrolled testing, periodically termed as stress-controlled testing, is not well-suited for conducting
experiments featuring significant amounts of plasticity. The strain-life approach is tailored for
characterizing the behavior of materials where plastic strains are not negligible. For many
materials, these conditions generally lead to fatigue lives in the Low Cycle Fatigue (LCF) regime
(i.e., 1 or 10 to 1000 cycles to failure). In this type of uniaxial testing, an extensometer continuously
measures the strain occurring along the gage section of the sample. Both the strain, displacement,
and load are digitally recorded as a function of time with a data sampling rate with at minimum
ten points per second. One of the specimens is held while the other axially displaced with an
actuator. A load cell measures the reaction force and thusly the force across the gage section of the
sample. (Suresh, Strain–life approach, 1998)
The strain-life method focuses on trends observed for total strain amplitude (or total strain
range) with respect to fatigue life (or reversals) for cyclically loaded materials. The ability to derive
direct correlations between stress amplitude and fatigue life is an attractive feature of the stresslife method. Intermediate analyses are required for strain-life modeling. Both Coffin and Manson
(Manson S. a., 1954) worked independently to correlate the plastic strain amplitude observed in
experiments on metals with reversals to fatigue failure. A two-parameter power law was
developed, i.e.
∆𝜀𝑝𝑙
2

= 𝜀𝑓′ (2𝑁𝑓 )𝑐

(2-8)

where 𝜀𝑓′ is the fatigue ductility coefficient and c is the fatigue ductility exponent. Fatigue life is
expressed as reversals (one reversal is one-half cycle). Both parameters can be identified with non-
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linear regression; however, first approximations of these constants may be achieved through
correlation with parameters associated with monotonic or cyclic stress-strain constants of a
material. Employing Basquin’s Law (Basquin, 1910) allows the elastic component to be correlated
with the stress range i.e.,

(2-9)
here E is the elastic modulus, 𝜎𝑓′ is the fatigue strength coefficient, and b is the fatigue strength
exponent (Basquin’s exponent). Equations (2-8) and (2-9) are combined to give the total strain
range in terms of reversals to failure,

(2-10)
At high strain ranges, plastic strain dominates the elastic component in the hysteresis loop and the
Coffin-Manson model is primarily responsible for determining the number of reversals to failure.
Conversely, at low strain ranges, the hysteresis is dominantly elastic, and the Basquin Law is the
major predictor of fatigue life. A key consideration with strain-life modeling is that total strain
data made available through mechanical testing is also accompanied by elastic and plastic
components. The constants associated with the total strain life curve are more easily regressed
through decomposed Coffin-Manson and Basquin models.
As was the case in the analysis of stress-life behavior of materials, the strain-life behavior
also is strongly influenced by unbalanced cyclic loading. Regardless of the cyclic control method
(i.e., load-control versus strain-control), tensile mean stress is the driving force of microstructural
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level crack initiation and early propagation. For small strain ranges, the stress history exhibits
nominally elastic behavior regardless of strain ratio. Limited cyclic hardening occurs and the
material sustains the mean stress. Similarly, at a slightly larger strain range, the material sustains
the mean stress for unbalanced cycling although there may be plastic deformation limited to the
early cycles. As the strain range increases, however, cycle-dependent mean stress relation occurs
in unbalanced loading. The mean stress may essentially disappear for large strain ratios. This is
especially the case for materials under elevated temperature conditions. The amount of mean stress
carried in strain-controlled cyclic depends on a number of factors: strain range, strain ratio, and
cyclic softening/hardening behavior of the material.
Constitutive modeling has been particularly useful in predicting the cyclic stress-strain
responses of materials subjected to conditions in which mean stresses evolve in both cyclic
hardening and softening materials. Accurate predictions of the mean stress confer accurate life
predictions. Such modeling helps to depict the extent of mean stress relaxation with respect to
strain range. Morrow (Morrow, 1968) developed a modification of the total strain-life relation by
subtracting the mean stress, 𝜎𝑚 , from the fatigue strength ductility, i.e.,
'
 mech ( f −  m )
=
(2 Ni )b +  'f (2 Ni )c
2
Ehkl

(2-11)

Intuitively, as the tensile mean stress increases fatigue life decreases. Fatigue life increases
under increasing compressive mean stress according to Eq. (2-11). A greater duration of the
cyclically load material and its cracks is spent under compression. Although the fatigue strength
exponent is unchanged, the HCF portion of the strain-life curve shifts upward for compressive
mean stress. Other mean stress corrections have been imparted to the strain-life model. Manson
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and Halford (Manson , Halford , & Hirachberg, 1971) developed an alternative version where both
the Basquin and Coffin-Manson terms are affected by mean stress given by
∆𝜀
2

=

𝜎𝑓′ −𝜎𝑚
𝐸

𝑐

(2𝑁𝑓 )𝑏 + 𝜀𝑓′ (

𝜎𝑓′ −𝜎𝑚 𝑏
𝜎𝑓′

) (2𝑁𝑓 )𝑐

(2-12)

here the Basquin term retains the Morrow mean stress correction, while the fatigue ductility is
augmented with a factor. In doing so, the plastic strain range versus fatigue life curve is subjected
to a downward shift depending on the level of mean stress.
Generally, strain-life approaches are more comprehensive than stress-life approaches since
both LCF and HCF behavior can be predicted; however, strain-life methods are conservative in
the infinite life region since now lower limit is established.

2.2.3 Creep Rupture Modeling
Accurate estimation of creep rupture strength and creep rupture time is a crucial element
of gas turbine design. Material rupture limits at a range of operating component temperatures are
predicted in a variety of ways. The most basic of these methods is the time-rupture model
𝑡𝑅 = 𝑝1 𝜎 𝑝2

(2-13)

where 𝑡𝑅 is the rupture time, and G and h are constants. Though this power-law function can be
replaced by a logarithmic relation or other standard model, the association of rupture time to stress
is a powerful tool for creep analysis. When represented graphically, such as in the rupture plot for
a single crystal CMSX-4 alloy at 982°C in Figure 2-18, the rupture time increases with a decreasing
stress. The Monkman-Grant model (Monkman, 1956) given by
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𝑡𝑅 = 𝑚1 𝜀̇ −𝑚2

(2-14)

is also a notable prediction model, where the rupture time is correlated to the minimum creep rate,
ε̇min, and B and m are material constants

Figure 2-18. Stress-rupture data and model for CMSX-4 alloy at 982°C with extrapolated
models for directionally-solidified CM 247 LC and Equiaxed IN 738 LC (Erickson, 1984).
A host of other models can be used to predict creep failure by instead using a correlative
parameter to form a relationship between stress, temperature and rupture time. Among the most
well-known of these models are the Larson-Miller Parameter (Larson & Miller, 1952) given by

(2-15)
where T is the absolute temperature in either Kelvin or Rankine and C is a constant often assumed
to have a value of 20. It is also common for the Larson-Miller Parameter to be divided by a factor
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of 1000 for convenience, which is reflected in Eq. (2-15). An example of a fitted model correlating
stress to the Larson-Miller Parameter is shown in Figure 2-19 for a conventionally cast Mar-M
247 material.

Figure 2-19.

Larson-Miller curves for conventionally cast Mar M 247 and similar

directionally-solidified alloys (Erickson, 1984).
The Orr-Sherby-Dorn Model (Orr, Sherby, & Dorn, 1954) is another common rupture
model that utilizes a similar approach, and is formulated as

(2-16)
where a is a constant and T is the absolute temperature in either Kelvin or Rankine. Functions such
as a polynomial or power-law fits are typically used correlate the Larson-Miller Parameter or OrrSherby-Dorn parameter with stress. These relative models are simple, but powerful, justifying their
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use a variety of industries to extrapolate data to temperatures and rupture times where data may be
inconvenient to obtain. These flexible formulations may prove useful in a combined creep-fatigue
model.

2.2.4 Combined Lifing
In engineering design, a component can be subjected to variable amplitude loading and a
mixture of failure modes within its lifetime. In contrast, most classical life prediction models are
only valid for constant loading of an isolated failure mode. This gap is often bridged through the
use of damage accumulation rules. These formulations work to quantify a utilization factor, where
a completely damaged material can no longer sustain load. This damage value, D, is a scalar
between 0 and 1, where 0 is undamaged and 1 is completely damaged.
One of the earliest damage accumulation formulations is the Palmgren-Miner rule
[Palmgren, 1924; Miner, 1945], which sums proportions of cycle count at a particular load level
by the theoretical life at that same load level for each part of a variable loading history.
Mathematically, this is composed as

(2-17)
where D is a scalar indicating the total damage, Ni is the number of cycles at the 𝑖𝑡ℎ load level and
𝑁𝑓𝑖 is the life at the 𝑖𝑡ℎ load level. This damage rule is not restricted to variable loading and has
been used in the past to combine the life-limiting effects of multiple mechanisms. The Palmgren-
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Miner rule is perhaps the most prolific damage accumulation rule due to its simplicity and
generality. The Robinson’s Life Fraction rule (Robinson, 1938) is a similar formulation that has
been successfully applied, where instead of summing a proportion of cycle counts, a proportion of
load time is summed, represented as

(2-18)
where 𝑡𝑖 is the time at the 𝑖𝑡ℎ load level and 𝑡𝑅𝐼 is the predicted lifetime at the 𝑖𝑡ℎ load level. Again,
this rule is not restricted to variable loading. Another simple model is the Lieberman Strain Fraction
rule (Lieberman, 1962) formulated as

(2-19)
where 𝜀𝑖 is the strain at the 𝑖𝑡ℎ load level and 𝜀𝑅𝐼 is the maximum strain at the 𝑖𝑡ℎ load level. This
is similar in form to the Palmgren-Miner rule and Robinson’s Life fraction rule and can be
successfully applied in applications where it is convenient to quantify load by accumulated strain,
such as creep.
Other damage accumulation rules that combine life, time, and strain fractions have also
been developed to capture the effects of complex loading, and to improve prediction accuracy
when multiple mechanisms are present. Among these is the Mixed Rule pioneered by Voorhees
and Freeman (Voorhees, 1959), where
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(2-20)
This was later modified by Abo-El-Ata and Finnie as the Extended Mixed Rule (Abo-El-Ata, 1971)
given by

(2-21)
where 𝑘𝑀 is a material constant to adjust the proportion of each component. These mixed models
will be useful in the development of a combined life prediction framework where two or more
mechanisms are present, and where it is desirable to quantify each part of the overall utilization by
different means. Other models have also been proposed (Fatemi, 1998), including second- and
third-order mixed rules, and non-linear damage laws that combine proportioned components in a
manner capable of capturing compounding or interaction effects that grow stronger as the material
approaches failure.
Damage accumulation rules are not the only methods researchers have used to predict
material life under combined thermal and mechanical loading. Many models have been explored
in the field of TMF life prediction to develop this capability (García de la Yedra, 2013). Table 2-1
presents advanced life prediction approaches from the past decades. Each approach was developed
for different materials as shown. Additionally, limitations for each life prediction approach are
available as well.
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Table 2-1: Review of Life Prediction Approaches
Author(s), Year
Manson et al., 1971

Material
Hayes 188

Approach
Creep-Fatigue Strain
Range Partitioning

Neu and Sehitoglu,
1989

304 Steel

McGaw, 1992

316 Steel

Stress-strain-based;
Cumulative Damage:
Fatigue, Creep,
Oxidation
TMF-Strain-Range
Partitioning

Gordon, 2006

DS GTD-111

Grutzner et al., 2014

Alloy 247

Irmak and Gordon,
2017

2.25 Cr-1Mo

Irmak and Gordon,
2020

Generic-SX material

Stress-strain-based;
Cumulative Damage:
Fatigue, Creep,
Oxidation
Energy-based:
Cumulative Damage:
Fatigue, Creep,
Oxidation
Stress-strain-based;
Cumulative Damage:
Fatigue, Creep,
Oxidation
Strain-based;
Cumulative Damage:
Fatigue, Creep

Limitations
No insight into microstructural
response of the material (e.g.
phenomenologically-based)
Isotropic; Creep contribution depends
on oxidation response; no dwell
No insight into microstructural
response of the material (e.g.
phenomenologically-based)
Needs lots of oxidation data
No insight into microstructural
response of the material (e.g.
phenomenologically-based)
Isotropic behavior. Lots of data was
utilized
Was only applied for LCF behavior

One of the earliest life prediction approaches was introduced by Manson and colleagues in
1971 (Manson , Halford , & Hirachberg, 1971). This was a creep-fatigue strain range partitioning
approach using Hayes 188 material, a cobalt-based alloy. The limiting factor for this method was
that the microstructural response of the material. Similar limitations were discovered with the
approaches by McGaw, and Grutzner and colleagues. It is consequential to analyze microstructural
response of the material to identify the effects of different damage mechanisms.
Neu and Sehitoglu presented a stress-strain based life-prediction method. This approach
utilizes cumulative damage methos with modules including; classical fatigue, creep rupture, and
oxidation. A similar cumulative damage approach is used in this study, which will be explained in
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Chapter 6. The method developed by Neu and Sehitoglu assumes isotropic behavior for the
material, also it is limited for conditions with no dwell periods. These restrictions result in nonrealistic predictions. Gordon introduced another stress-strain based approach in 2006, additionally
the author used a cumulative damage method too for predicting life of directionally solidified (DS)
Ni-base superalloy GTD 111. This approach required a large number of oxidation data and this
type of data is not available in variety of conditions. Main difference between the approaches by
Gordon, and Neu and Sehitoglu is the order taken for fitting the constants for each damage module.
Gordon fitted fatigue, then creep damage, and finally environmental fatigue module; while Neu
and Sehitoglu worked on environmental fatigue after the fatigue model, and creep at last. A strainlife method was published by Mechanics of Materials Research Group at UCF (Irmak F. , A
Flexible Physics-Base Lifing Method for Metals Under Creep and TMF, 2017) with the capability
of simulating LCF, creep fatigue and TMF conditions very accurately; however, this method was
limited to only isotropic material behavior. A modified version of this model is published in 2020
to predict LCF life of an SX alloy. (Irmak, Wijeyeratne, Yun, & Gordon, 2020)

2.2.5 Multiaxial Life
Multiaxial states of stress and strain are very common in engineered parts. Components
such as crankshafts, pressure vessels, welded joints, heavy construction equipment, and the like
experience external loads in multiple axes. For some of these components, engineers may find that
uniaxial fatigue methods are sufficient to support the design process; however, in others, the
uniaxial methods presented earlier are inadequate. Multiaxial approaches have been introduced to
give improved predictions of fatigue life under complex states compared to what can be attained
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with uniaxial methods alone. Theoretical and experimental mechanics findings dating back to the
1950s have led to the development of several accepted methods. Most researchers have employed
effective stresses or strains in place of the uniaxial stresses and strains applied in the methods
presented in the earlier sections. Equivalent stress approaches are extensions of the static yield
criterion. Maximum Shear Stress (Tresca). Manson-McKnight, the Sines Method and the Von
Mises approached are the most commonly employed effective stress methods for to simulate
multiaxial fatigue. Under LCF conditions, effective strain-based approaches are extended in the
identical fashion as the effective stress-based approaches. All these approaches are built with the
assumption of isotropic material behavior. Multiaxial fatigue data on NBSAs is very limited
literature. A review of the available data is shown in Table 2-2. Two papers on biaxial and three
papers on axial-torsional experiments exist. Most of the papers are for the SX alloys. Only paper
has stress controlled experiments, which utilizes notched type behavior to simulate multiaxial
experimental data.
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Table 2-2. Review of multiaxial fatigue data on NBSAs.
Experiment
Type

Material

Orientation

Stress or Strain
Controlled

Conditions

Paper

AxialTorsional
LCF

CMSX-2

[001]

Strain

12 data points at 900°C.
Strain ranges between 0 to
1.28%

Kanda
et al.,
1997

AxialTorsional
LCF

MARM247
DS

[001]

Strain (Stress is
also available)

15 data points at 900°C.
Strain ranges between 0 to
1.52%

Shirafuji
et al.,
1998

AxialTorsional
CF

CMSX-2

[001]

Strain

18 data points at 900°C.
Strain ranges between
0.50 to 1.5%. 10,30,60
min hold (either axial or
torsional hold)

Hiyoshi
and
Sakane
2004

Bi-axial
LCF

YH61
SX

[001]

Strain

10 data points at 900°C.
Strain ranges between
0.48 to 0.6%

Matsuda
et al.,
2012

Bi-axial
TMF

Not –
Identified
DS

[001]

Strain

12 data points. Cycling
450°C to 870°C

Ogata et
al., 2008

Notched
LCF

DD3 SX

[001]

Stress

7 data points at 620°C.
Applied stresses between
35 MPa to 1000 MPa

Wan
and
Yue,
2005

2.3 Constitutive Modeling
Over the past seventy years, analytical modeling cyclic material behavior has been
conducted using a vast array of constitutive formulations. In their most basic forms, constitutive
models relate applied stress to strain or vice versa. These models are inexact approximations of
material behavior. Constitutive modeling formulations that relate stress to strain rate instead of
strain allow the stress-strain loop to be predicted from one point to the next. The total strain rate is
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decomposed into elastic and plastic portions, e.g.
𝜀̇ = 𝜀̇𝑒𝑙 + 𝜀̇𝑝𝑙

(2-22)

There are many ways to capture kinematic hardening. The most widely known is the ArmstrongFrederick model (Armstrong, 1966) . For more complex conditions, such as multiaxial loading
and/or anisotropic materials, more advanced constitutive models are needed. Several attempts have
been made to extend the Ramberg-Osgood model governing one-dimensional plasticity to three
dimensions. In this section, widely utilized plasticity and creep constitutive modeling approached
are presented.

2.3.1 Plasticity Modeling
Plasticity models are applied to describe observed material behavior. There are several
constitutive models to account for cyclic plasticity, strain hardening/softening, and strain
ratcheting. Each method differs by strengths, weaknesses, and data expected for calibration.
The Ramberg-Osgood model was developed in (Ramberg, 1943). This model is one of the
most popular formulation to describe the tensile behavior of materials for engineering analysis and
design. The model is also used to describe the cyclic stress-strain curve data (Tudor Sireteanu et
al., 2014) i.e.
1

𝜀𝑎 =

𝜎𝑎
𝐸

+

ʹ
𝜎
( 𝐾𝑎ʹ )𝑛

( 2.23 )

Here εa and σa represent cyclic strain and stress amplitude, respectively. Both the cyclic hardening
strength, Kʹ, and the cyclic hardening exponent, nʹ, display temperature dependence and are fit to
data via regression modeling. Previous research shows how Kʹ and nʹ can be used to simulate both
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isotropic and kinematic
( ( hardening. The stress-strain models using the Ramberg-Osgood fit both
carve well once K’ and n,' are found by minimizing the error value by regression analysis. For

a) b)

cyclic conditions, the approach assumes that the material has reached steady state, and it can make
capture the hysteresis loop. This method can employ at various temperature levels. When the
temperature increases, the strain hardening coefficient, and the strain hardening exponent will
decrease.
The Chaboche plasticity model (Chaboche, 1983) has gained popularity plasticity over the
past twenty years because it can be applied to a variety of materials. It exemplifies a dual-surfaced
approached which explains the cyclic behavior. The constitutive model is native to several finite
element software packages, for example, ANSYS (Bouchenot et al., 2016). Research shows the
Chaboche model has multiple issues with accuracy. One is the estimation of the ratcheting effect
which cannot explain the yielding point and cannot explain the hardening memory effect. For that,
modifications were made to cyclic hardening and others to hardening memory effect (Budahazy
and Dunai, 2013). In 1966, Armstrong and Frederick (Armstrong and Frederick, 1966) proposed
the nonlinear kinematic hardening (NLKH) model:
2
1 𝑑𝐶
𝑋̇ = 3 𝐶𝜀̇𝑝 − 𝛾𝑋𝑝̇ + 𝐶 𝑑𝜃 𝜃̇ 𝑋

( 2.14 )

where X is the back stress, 𝑋̇ is the time rate of change of the back stress, 𝜀̇𝑝 is the plastic strain
rate, 𝑝̇ is the accumulated plastic strain rate, C is the hardening modulus, γ is the hardening
modulus rate, θ is the temperature, and 𝜃̇ is the time-based temperature rate (Bouchenot et al.,
2016a). In 1986, Chaboche proposed the decomposed nonlinear kinematic hardening rule into
multiple back stresses or segments, e.g.
𝑋 = ∑𝑀
𝑖=1 𝑋𝑖
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(2-25)

here M is typically valued at two, three, or four. This segmenting enhances hysteresis loop
modeling (Bari and Hassan, 2000; Bouchenot et al., 2016a; Chaboche, 2008). This kinematic
hardening incorporated into the yield surface relation, e.g.
𝜎𝑣 = 𝐽(𝜎 − 𝑋) − 𝑘

( 2.26 )

where k is the size of the initial yield surface and 𝐽(𝜎 − 𝑋) is a von Mises distance in the deviatoric
stress space (Chaboche, 1983, 1989, 1997, 2008). From Bouchenet et al., 2016 found the way to
detriment the Chaboche .(Bouchenot et al., 2016a; Bouchenot et al., 2016b). The stress-strain curve
is divided into three segments based on strain, the first segment is (0.001% to 0.02% plastic strain),
the next segment is (0.02% to 0.2% plastic strain), the last segment is [0.2% plastic strain to (twice
strain of 0.2% - 0.02% of plastic strain)] as shown in Figure 2-20.

Figure 2-20: Sketch of the fitting and segment bounds on a cyclic RO curve using the
proposed determination method (Bouchenot, Gordon, Shinde , & Gravett, An Analytical StressStrain Hysteresis Model for a DS Superalloy Under TMF, 2014).
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2.3.2 Creep Modeling
The Norton Model is the most widely used model for steady state creep of metals (Yoon,
2000).The minimum creep rate, behavior primary and tertiary creep correlated with stress for
example the slope at the inflection points are not constant on the creep curves (Golan et al., 1996).
The Norton power law is used to define at various temperatures, e.g.(Golan et al., 1996; Jin et al.,
2014; Tahami et al., 2010; Yoon et al., 2000),
𝜀̇𝑐𝑟 = 𝐴𝜎 𝑛

𝜎 = 𝐴′𝜀̇𝑐𝑟 𝑛′

( 2-27 )

( 2-28 )

where 𝜀̇𝑐𝑟 is the creep strain rate, A is a material constant, σ is the applied stress during creep test,
and n is the power law exponent.
Another well establish creep deformation model is the Garofalo method. This model also
simulates the steady state creep response, but it allows for non-negligible rates of creep at reduced
stresses. Both Norton and Garofalo models rely on identical steady state creep data. Normally, the
experiments creep data plotted for the logarithm of stress, σ, and the logarithm of strain rate 𝜀̇𝑐𝑟 ..
The Garofalo equation is given as
𝜀̇𝑐𝑟 = 𝐴 [𝑠𝑖𝑛ℎ(𝛼𝜎)]𝑛

( 2-2 )

where A, α, and n are material constants, applied by (Garofalo, 1965; Rieiro et al., 1998) and
described by (McQueen et al., 1993; Rieiro et al., 1998). The Garofalo model needs a wider range
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of creep data compared to Norton based on the additional parameter. A key limitation of the
Garofalo model relates to its parameter identification process. The Garofalo equation is hyperbolic,
which makes it difficult to solve analytically. Because of the hyperbolic sine, either an analytical
approach or least squares formal has been established to identify parameters to fit the data. Riero
and co-authors have introduced a method (Rieiro et al., 1996); however, the best technique to
identify constants that show smooth transition across temperatures is by way of manual fitting.
The constants A increases with temperature regardless of model, and n decreases. For example,
they may be out of the range of the simulation when they have a high strain range as described by
Rieiro and co-authors (Rieiro et al., 1998). The approach used to identify the creep data for the
stress range, so the Garofalo equation used. The theories mentioned above of Norton and Garofalo
study the materials creep behavior under uniaxial loading; however, in practical settings,
multiaxial loading is observed. More recent studies have been geared towards identifying creep
constants from stress relaxation instead of via creep tests.

2.5 Yield Criteria
Advanced materials that exhibit beneficial attributes, like anisotropy and tensilecompressive asymmetry (TCA), are designed to facilitate attractive properties to critical
components. Predicting the failure mechanics of these materials has captured the likes of Galileo
Galilee and hundreds of others through the past three centuries. But none of the existing criteria
have been found fully capable of mapping the threshold state between elasticity and plasticity
necessary enough to provide insight on improving the increasingly more prevalent design of these
directionally solidified and single-crystal components. The isotropic Von-Mises (VM) criterion
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(Mises, 1913) is the foundation of all following criteria.

(2-29)
Its simple nature and ability to reduce to a scalar stress value has provided an effective way to
compute a factor of safety against yielding for isotropic, ductile materials that do not exhibit TCA.
One direct extension of VM, capable of modeling TCA is presented by Drucker-Prager (DP)
(Drucker & Prager, 1952). This is accomplished by relating the second invariant of the deviatoric
part of Cauchy stress, to the first invariant and two parameters determined entirely through uniaxial
tensile and compressive tests. Another DP form determines an effective hydrostatic stress through
the addition of a hydrostatic component and two material constants.
(2-30)
The Hill (1948) criterion (Hill R. , 1948) was introduced through a linear approximation of VM.

(2-31)
To derive a yield condition capable of modeling anisotropy, Hill introduced 6 parameters, F, G,
H, L, M, and N. F-H are deduced from the normal failure stresses, while L-N are acquired by
simple pure shear tests in their respective directions of anisotropy. Hill’s criterion retains VM
simplicity while providing the added capability of modeling anisotropy. Hill, however, fails to
capture the present tensile-compressive asymmetry, a common trait of single crystal, and
directionally solidified material. This coupled with the fact that the effective stress produced by
Hill (48) is always non-negative means the stand-alone Hill criterion cannot accurately model the
advanced materials of interest.
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The Hill analogy provides a crucial step in the modeling of anisotropic materials that
allowed a litany of scientists to develop now more prevalent criteria like Tsai-Wu and Tsai-Hill
(Tsai, 1971). Both prior criteria relinquish the ability to determine the valuable effective stress VM
and Hill provided earlier, predicting yielding has occurred when the failure index reaches 1. Still,
the introduction of Tsai-Hill provided a simple equation that accounted for anisotropic behavior
with only three parameters determined entirely by the allowable stress in the longitudinal,
transverse and in-plane shear stress between these directions. Due to its simplicity, Tsai-Hill could
not model TCA, Tsai-Wu changes this. In the generalization of Tsai-Hill, Tsai-Wu introduced two
tensors, a second rank 𝐹𝑖 and a fourth rank 𝐹𝑖𝑗 .
𝐹1 𝜎𝑥 + 𝐹2 𝜎𝑦 + 𝐹3 𝜎𝑧 + 𝐹4 𝜎𝑦𝑧 + 𝐹5 𝜎𝑥𝑧 + 𝐹6 𝜎𝑥𝑦
+𝐹11 𝜎𝑥 2 + 𝐹22 𝜎𝑦 2 + 𝐹33 𝜎𝑧 2 + 𝐹44 𝜎𝑦𝑧 2 + 𝐹55 𝜎𝑥𝑧 2 + 𝐹66 𝜎𝑥𝑦 2
+2𝐹12 𝜎𝑥 𝜎𝑦 + 2𝐹13 𝜎𝑥 𝜎𝑧 + 2𝐹23 𝜎𝑦 𝜎𝑧 ≤ 1

(2-32)

The 2nd rank 𝐹𝑖 provides Tsai-Wu the ability to account for the present TCA. The general criterion
utilized six linear and 21 quadratic components which force the resulting surface to intercept each
stress axis, resulting in a closed ellipsoidal shape in 3-dimensional stress space. The Tsai-Wu
model is automatically invariant, interactions amongst the stress properties are determined by
independent material properties. This is fundamentally different, as Tsai-Wu mentions, to a linear
approximated criteria like Hill.
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Table 2-3. A review of well-accepted yield methods.
Theory

TensileCompressive
Asymmetry

Anisotropic

ScalarValued

Number of
Parameters

Von-Mises(1913)

No

No

Yes

1

Drucker-Prager(1952)

Yes

No

No

2

Hayhurst (1994)

Yes

No

Yes

2

Hill 79'

No

Yes

Yes

6

D.F.A.(1999)

No

Yes

No

7

Tsai-Hill (1968)

Yes

Yes

No

15

Tsai-Wu (1971)

No

Yes

Yes

6

Robinson(1991)

Yes

Yes

No

15

Ganczarski

Yes

Yes

Yes

3

2.6 Knowledge Gaps
An extensive review of papers regarding NBSAs, life prediction and constitutive modeling
was conducted. Most of the previous work concerning NBSAs focus on a specific alloy and present
certain material properties. Only one study was found to be providing data on various SX alloys,
but introducing just shear and elastic modulus values. A comprehensive database, which presents
all the available experimental data on elastic, plastic, creep and fatigue properties of SX and DS
NBSAs, is needed, Three types of constitutive modeling was studied for this proposal. A common
aspect that can be observed, with the models which were built for anisotropic materials, is the
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limited number of orientations and temperatures that were presented. A model with the capability
of providing deformation response of the key orientations, under various temperature levels and
rates is required to support a life prediction model. There have been various lifing approaches have
been presented in last few decades. A lot of these approaches were developed with the assumption
of isotropic material behavior. Models that were designated for anisotropic materials predict only
LCF or HCF loading with no-dwell periods and at limited temperature levels. In order to capture
the usage-like conditions for most of the turbomachinery components, these models need to
perform creep-fatigue behavior with dwell periods under different rates and temperature levels. A
method to capture the lifing behavior under multiaxial loading for both SX and DS alloys have not
been presented with the capability of simulating orientation, rate and temperature dependence of
these alloys. A framework with the ability to simulate generic mechanical behavior (elastic,
strength and creep properties, hysteresis loops and lifing behavior) of SX and DS NBSAs is not
currently available and is considered to be highly attractive for the turbomachinery community.
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CHAPTER 3 RESEARCH APPROACH
Development of a validated framework to characterize Nickel-base superalloys requires
extensive amount of modeling. Within this goal, several behavior, deformation, and life prediction
approaches are developed. Comprehensive analysis of the experimental data is needed to develop,
calibrate, and evaluate candidate frameworks. Generic modeling parameters are created to be
utilized for various Nickel-base superalloys.

3.1 Hypothesis
•

Generic behavior models can be developed to convey the temperature- , rate- ,
history- , and orientation- dependence of both single crystal (SX) and directionally
solidified (DS) Nickel-base superalloys. Establishing elastic, plastic, strength and creep
properties of novel materials is a critical part of the research and development process for
turbomachinery components. Producing generic values for these anisotropic alloys can
eliminate very expensive and costly process of material testing. The behavior models are
developed using various alloys from literature sources and will be compared with the
conducted experimental data.

•

Deformation response of SX and DS alloys can be simulated using generic tensile and
creep properties. Many different types of deformation/constitutive models have been
developed to capture the stress/strain response of isotropic materials in the past. Research
has been conducted into expanding it to transversely isotropic materials, but not so much
for single crystal alloys has been done. A deformation model is modified and implemented
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using the generic properties. Predicted stress/strain responses are compared with conducted
tensile and low-cycle fatigue experiments.
•

Lifespan of single crystal and directionally-solidified materials under low cycle fatigue
(LCF) and high cycle of fatigue (HCF) with different orientations can be predicted
using tensile and fatigue properties at various temperatures and strain rates.
Researchers have developed various life prediction models in past few decades, including
stress-life, strain-life and energy-life models. These models came with diverse limitations.
Models which can predict the cycles to failure data with the most usage-like conditions and
require least amount of data are preferred. A novel strain-life and stress-life approaches is
presented using the generic material properties where the fatigue is dominant damage
mode. Predicted number of cycles to failure data is compared with conducted LCF
experiments.

•

Lifespan of single crystal and directionally-solidified materials under creep-fatigue
can be predicted by cumulative damage approach, where the total damage is divided
into fatigue and creep damages. Creep rupture data can be utilized to predict the
creep damage in these materials. While simulating behavior of certain parts of
turbomachinery components can be governed by LCF and HCF conditions, predicting the
effect of dwell/hold periods for gas turbine blades and other components is critical. Creep
plays a big role with failure when the components experience long dwell periods at
elevated temperature levels. Creep damage models have been presented in the past, but
mostly regarding isotropic materials. A model that can capture anisotropic creep behavior
is needed.
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•

A novel lifing approach for Ni-base superalloys can be applied to multi-axial
conditions under LCF and creep-fatigue using generic tensile, fatigue and creep
properties. Most of the published lifing approaches govern only uniaxial loading
conditions; however, turbine components experience multiaxial loads. There have been
limited papers regarding the multiaxial lifing, but almost all with the assumption of
isotropic material behavior. A novel approach is developed to capture multiaxial loading
with the orientation dependence of SX and DS alloys.

3.2 Research Approach
The main purpose of this work is to study if generic behavior model/properties can be used
to capture tensile, creep, LCF, and creep-fatigue deformations and life-span of single crystal and
directionally solidified Ni-base superalloys. In order to pursue this work, very detailed
comprehensive databases are needed to be created to gather as much as data available for these
alloys. This work utilizes simple average and regression modeling to create generic material
properties over various temperature levels. These databases include elastic, strength, creep and
fatigue properties for various alloys. The accuracy of the mathematical models is assessed by
comparisons with the experimental data conducted for this work.
The purpose of implementing a constitutive model for this work is to establish if generic
material properties can produce accurate deformation behavior of SX and DS Ni-base superalloys.
Additionally, deformation behavior is needed to be supplied to the life prediction approaches.
There have been various constitutive models presented in past few decades for polycrystalline,
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directionally solidified, or single-crystal casted Ni-base superalloys. Previous researchers have
focused on either limited amount of temperature levels or not pursued different orientations. In
order to predict more usage-like conditions, this model needs to capture the temperature- , rate- ,
history- , and orientation- dependence.
Three different constitutive model types have been analyzed to be included in this study.
These are uncoupled creep-plasticity, thermo-viscoplasticity and crystal viscoplasticity models.
There have been specific models presented in literature working with Ni-base superalloys, either
SX or DS casted. The uncoupled creep-plasticity model is the most simplistic one to be
implemented; however, it does not capture the true physical aspects of the deformation behavior
of these anisotropic alloys. Crystal-viscoplasticity models can simulate various slip systems that
occur during material deformation. This makes it the most physically-accurate model; however,
implementation of this type of model is very difficult for directionally-solidified alloys. Each grain
needs to be modeled accordingly, and multi-element simulations require very intense computing
power. A thermo-viscoplasticity model is the more preferred options, since it can capture the
physical aspects of the deformation and it has been proven that it can provide accurate results for
a directionally solidified alloy in the past.
The thermo-viscoplasticity mode is implemented in MATLAB for single element usage.
ANSYS software will be utilized to perform the multi-element simulations. The simulated data,
created with the generic material properties, is compared with conducted tensile and low-cycle
tests.
The majority of the present work is towards the development of life prediction approaches
for Ni-based alloys under various types of loading conditions. Existing work primarily focuses on
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isotropic cases, with some investigation into anisotropy for specific alloys. Generic material
properties, established in the earlier sections, guides the lifing models to present number of cycles
to failure behavior for SX and DS Ni-base superalloys.
This framework includes novel and modified stress-life, strain-life and multiaxial-life
approaches. A modified Coffin-Manson and Basquin model is implemented with generic material
properties to capture the life-span of the candidate alloys where fatigue is the dominant damage
mode for the strain-life model. The predicted fatigue life data is compared with conducted LCF
experiments for DA5161 SX and DS materials to present the accuracy of the model. In order to
capture the effect of dwell/hold periods, a creep damage module is combined with fatigue model
to simulate creep-fatigue loading conditions. This creep damage model utilizes creep rupture data
from literature by using a modified Larson Miller parameter. A cumulative damage approach is
implemented to combine the two damage modes. For HCF like conditions, a stress-life approach
will be used. A modified Gerber’s model is implemented into Basquin’s stress model to capture
the effect of stress cycling. Similar to the strain-life approach, stress-life approach will be
combined with the creep damage model to produce total life for cases with dwell periods. For
multiaxial loading conditions, a novel yield criterion is developed to capture effective strain and
stress values. These values are utilized to predict number of cycles to failure values with multiaxial
loading.
All the lifing approaches are developed in MATLAB. In order to increase the accuracy of
initial predictions, an optimization approach is utilized. In a previous work, a built-in local
minimum finder, fminsearch, was discovered to effective for simple optimization of model
parameters. This algorithm is used to create generic modeling parameters in this study.
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The summary of the proposed framework is presented with a flow chart (Figure 3-1). The
comprehensive databases are used to create generic material properties for SX and DS alloys.
These properties support all the modeling approaches in this work. The novel yield criterion
utilizes the strength values to inform the multiaxial-life approaches by creating effective strain and
stress values. Also, this criterion can be used to create yield surfaces to support constitutive
modeling efforts. The constitutive modeling approaches are essential to understand the
deformation behavior of these alloys. Also, these models are needed to perform strain-life
calculations by providing simulated stress and temperature history. After receiving the material
properties, effective stress/strain values and stress histories, the life prediction approaches
calculate the total number of cycles to failure values. These simulated values are compared with
the experimental data from this study and elsewhere. The generic constants are optimized using a
MATLAB routine if needed.

Figure 3-1. Summary of the proposed framework.
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CHAPTER 4 EXPERIMENTAL METHOD AND RESULTS

Two types of tests were performed to support the modeling efforts in this study. The two
materials utilized in the present study are a generic single-crystal Ni-base superalloy similar to
PWA 1484 and a generic directionally solidified Nickel-base superalloy similar to DS Rene 150,
DS Rene 80, and GTD 111. In order to protect the intellectual property aspects of the material, the
scales here and elsewhere are normalized and/or shifted. Tensile tests were conducted primarily
for acquiring the material properties; elastic modulus, ultimate tensile strength and 0.2% yield
strength. Fatigue tests were performed to determine the number of cycles to failure, Ntotal, under
the specified loading conditions. Additionally, the deformed specimens were analyzed for studying
the crack initiation mechanisms. Figure 4-1 shows the test sample geometry used for the
experiments. All the dimensions and tolerance criteria for the specimen design are available in the
drawing. This geometry satisfies the dimensions specified by ASTM E8 (E8/E8M-13:, 2013) and
ISO (6892-1, 2009) strain-controlled, low cycle fatigue and creep-fatigue standards. ASTM
requires round test specimens to have diameter less than 12.5 mm. Also, the gauge length of the
specimens is 15 mm. A batch of SX and DS casted DA5161 slabs were provided to fabricate the
test specimens. After the fabrication, dimensions of specimens were measured and recorded using
a digital caliper. Measuring the specimens correctly is essential for getting accurate results. All the
specimens were measured to be in the tolerance criteria of the specimen design.
The specimens were cut from slabs of the superalloy at different angles. The slab, depicted
in Figure 4-2, is an example of the specimens being cut out at a 45°.

57

Figure 4-1. Dimensions of undeformed specimen.

a)

b)

c)

Figure 4-2. a) Nickel-base superalloy SX slab. b) Slab with specimens cut out. c)
Undeformed specimen.
Half of these slabs were fabricated using direct solidification and the other half were done
using the single crystal cooling technique. Figure 2-5 illustrates the difference in the crystal grain
structures when the specimens are cut at different angles in both the DS and SX slabs.
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Figure 4-3. Illustration showing how the cut angle changes the crystal structure of the
specimens.
It should be noted that the [001] SX and [010] SX specimens are microstructurally identical
because of the nature of single crystal alloys. Since specimens are grouped by their microstructures
in the analysis section of this thesis, [001] SX and [010] SX specimens are in the same group.
However, the naming designation of each specimen is consistently based on the angle it was cut
out of its respective slab, regardless of the groups they are put into for analysis. This is to ensure
the naming conventions are consistent throughout the study.

4.1 Tensile Testing
The main purpose for conducting the tensile tests was to measure the various mechanical
properties for the supplied specimens. Elastic modulus, E, ultimate tensile strength, σUTS, and yield
strength, σYS of the provided test specimens were obtained and compared with the literature data.
These properties were used to calibrate the constitutive model used in this study. The experimental
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results are presented in the next chapter. Aside from material properties, the deformation response
of the material was also investigated. The tensile tests were performed using the ASTM-E8
Standard Test Method for Tension Testing of Metallic Materials. The uniaxial tensile tests were
conducted using a load-cell and a direct contact extensometer. This test set-up is shown in Figure
4-4. A computer software was utilized for running and recording of the experiments. Linear
variable differential transformers, LVDTs, were used to acquire the displacement of both ends of
the gauge section. These sensors are used for to convert mechanical motion into electrical voltage.
All the experiments were recorded with a frequency of 1.14 points per second (Hz). Additionally,
experiments were strain-controlled with isothermal conditions. After the tests were completed, the
raw data was saved to Excel file for later analysis.

Figure 4-4. Experimental set-up for tensile testing.
After carefully analyzing available data from other sources for SX and DS materials,
conditions for the tensile tests were chosen to provide material properties that would support
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constitutive and life prediction modeling. This material is heavily utilized in turbomachinery
components where it experiences very high temperatures. The tensile specimens, consequently,
were mostly tested at relatively high temperature levels. Two different strain rates were used
during tensile testing, 1e-2 and 1e-3 per second. These rates were strategically selected to compare
with the data from other sources. The test matices that were used for the tensile testing is provided
in Table 4-1 and Table 4-2. Specimen number, temperature and strain rate of the experiments are
presented in these tables.
Table 4-1. Tensile test matrix for the SX alloy.

Specimen ID

Isothermal Strain Tensile Temperature,
Rate (1/s)
Ttens

Directions

010-SX-8

0.001

T2

[010]

010-SX-7

0.001

T1

[010]

010-SX-9

0.01

T2

[010]

010-SX-6

0.01

T1

[010]

011-SX-5

0.01

T2

[011]

011-SX-4

0.01

T3

[011]

011-SX-3

0.01

T1

[011]
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Table 4-2. Tensile test matrix for the DS alloy.
Strain

Tensile
Temperature, Ttens Directions
(deg C)

Specimen ID

Isothermal
Rate (1/s)

011-DS-5

0.01

T3

[011]

011-DS-6

0.01

T4

[011]

011-DS-7

0.01

T5

[011]

011-DS-8

0.01

T6

[011]

010-DS-6

0.01

T4

[010]

010-DS-7

0.01

T5

[010]

010-DS-8

0.01

T6

[010]

4.2 Fatigue Testing
Both constitutive modeling and life prediction approaches utilize the results from the
fatigue tests to determine the accuracy. A strain-controlled testing method was chosen for the
experiments. Direct contact thermocouples and strain measurement were used to control the
temperature and deformation of the gage section of the test coupon.Table 4-3 and Table 4-4
represent the test matrices that were used for the fatigue tests. This table includes: specimen
number, strain range, temperature, strain rate, and strain ratio of the experiments, respectively.
These parameters strongly influence the deformation response and fatigue life.
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Table 4-3: Fatigue test matrix for DA5161 SX at elevated temperature.

Specimen IDs

Strain Range,
(in/in)

0 0 1 - SX -1

0.01

0 0 1 - SX -2
0 0 1 - SX -3
0 0 1 - SX -4
0 10 - SX -1
0 10 - SX -2
0 10 - SX -3

011 - SX -1
011.- SX-2

-1

0.001

-1

0.001

-1

0.001

-1

0.001

-1

0.001

-INF

0.001

-1

T2
T1

0.012

T3

0.012

T4

0.012

0.018

0.01

T1

0.012

0 10- SX -5

Inv. Fat. Amp.
Ratio, R

T1

0.012

0.018

Isothermal Strain
Rate (1/s)

T1

0.012

0 10 - SX -4

Temperature, T

T5
T6
T3

0.018

T6

0.018

-1

0.001
0.01

-1

0.01

-1

0.01

-1

Table 4-4: Fatigue test matrix for DA-5161 DS at elevated temperature.
Specimen IDs

Strain Range, (in/in)

Temperature,
T

Inv. Fat. Amp. Ratio,
R

0 0 1 - DS -1
0 0 1 - DS -2
0 0 1 - DS -3
0 0 1 - DS -4
0 0 1 - DS -5
0 11 - DS -1
0 11 - DS -2
0 10 - DS -1
0 10 - DS -2
0 10 - DS -3
0 10 - DS -4
0 10 - DS -5

0.012
0.016
0.016
0.016
0.016
0.016
0.014
0.014
0.014
0.012
0.016
0.014

T1
T2
T3
T1
T1
T1
T1
T2
T1
T1
T1
T1

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-INF

A servo-hydraulic axial fatigue machine was used for the direct-strain fatigue tests. This
test device applied a uniform strain through the cross section of the test specimen. A computer
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software controlled the experiments. The test set-up is shown in Figure 4-5. Like the tensile testing,
linear differential variable transformers are used to turn mechanical deformation to electrical
signals for data recording. The data was recorded with a frequency of 31.25 per second for all the
fatigue experiments.

Figure 4-5. Experimental set-up for fatigue testing.

Due to anisotropic behavior of the candidate material, comparison of experimental data
with different oriented specimens is very significant for the modeling purposes. The deformation
and life prediction models need to be able to simulate the anisotropic behavior. Single
crystallization of DA-5161SX presents isotropic behavior for [001], [010], and [100] oriented
specimens when compared in theory. This behavior is shown in Figure 4-6, when the data with
[010] and [001] oriented specimens are compared under same conditions. Two hysteresis loops
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from mid-life stabilized cycles overlap each other in the figure. In contrast Figure 4-7 presents
very distinct stress-strain data for [010] and [011] oriented specimens, as expected. While the
specimen with [010] orientation shows very elastic deformation, the plasticity becomes dominant
for [011] oriented specimen under temperature T3.

Stress(MPa)

Mid-life
T1
Rate = 0.01s^-1

-0.008

-0.006

-0.004

-0.002

0

001-SX3

0.002

0.004

0.006

0.008

010-SX1

Stess(MPa)

Strain(mm/mm)

1

501

1001

1501

Cycle

Figure 4-6. Hysteresis loops and stress histories of 001-SX3 and 010-SX1 are compared.
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Stress(Normalized)

Mid-life
T3
Rate = 0.01s^-1

Strain(Normalized)
011-SX-1

010-SX-2

Figure 4-7. Hysteresis loops of 011-SX1 and 010-SX2 are compared.
After observing the orientation dependence, the temperature and strain ratio dependence
of the candidate material are studied in this study. Stabilized hysteresis loops and stress history
data from two different temperature levels are shown in Figure 4-8 , where T1 is larger than T2.
As expected, number of cycles to failure value is dropped when the temperature increases,
presented with stress history data of two specimens. Similarly, the stress range is lower for the
specimen experiencing temperature T1 when compared with the stabilized cycle of the specimen
under temperature T2. Many structural components experience conditions with mean stress, and
zero- to- compression cases are common for the turbomachinery components. A zero-tocompression case is compared with fully reversed experiment under same conditions, in Figure
4-9. Shape of the hysteresis loops of these two cases are very similar, the fully reversed case
presents some more plasticity when compared with the zero-to-compression data. For the fatigue-
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life data comparison, full reversed case has a lower number of cycles to failure value .

Stress(MPa)

Mid-life
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Strain(mm/mm)
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1501
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Figure 4-8. Hysteresis loops and stress histories of 001-SX3 at T2 and 001-SX3 at T1 are
compared.
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Figure 4-9. Hysteresis loops and stress histories of 001-SX4 and 010-SX2 are compared.
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Stress(MPa)
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-0.004
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1
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Figure 4-10. Hysteresis loops and stress histories of 001-SX3 with 1e-3 per second rate and
001-SX2 with 1e-2 per second are compared.
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4.3 Metallurgical Preparation and Analysis
Some of the previous life prediction models were lacking metallurgical insight of this
material. After the completion of tensile and fatigue experiments, the deformed test specimens
were analyzed via two types of microscopies: white light optical microscopy (LOM) and Keyence
device. This type of metallurgical analysis is important to assess the crack initiation mechanisms.
These mechanisms are vital for construction of a physically-based life prediction approach in this
study as previously described. The specimens needed to be prepared for the visual and microscopic
inspections. This metallurgical preparation included several steps; sectioning, mounting, grinding,
polishing, and finally etching (Devito, 2022).
The preparation procedure started with the sectioning of the deformed specimens into a
convenient size for the inspections. Figure 4-11 displays a sectioned test specimen. A Buehler,
Isomet Slow (serial. No 390-IS-11613) speed saw was used to section the specimens. The blade
that was used for the saw is from Pace Technologies, WB-0045HC, 104168001f9, 4-inch diamond
blade. To avoid damaging or destroying the material, a water based anti-corrosion cutting fluid
was used during the sectioning. This fluid is also from Pace Technologies, WL2-30000-32, Diacut
2 water based anti-corrosion cutting fluid.
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Figure 4-11: Typical sectioned specimen.

After the samples were reduced to a desired size, they were mounted in an ultrathin low
viscosity resin and ultrathin hardener by Pace Technologies. The mounting of the samples in an
epoxy material was to ease the handling during the next steps of the preparation. Cure time for
each sample was 8 hours at room temperature. Applying a one minute of heat to each sample
mount with heat gun at low setting roughly 10” above sample increased cure time and helped
epoxy bond stronger. A Buehler EcoMet3000 variable speed grinding polisher was used for the
grinding and polishing phase. The grinding process was necessary to remove any damaged
surfaces developed on the specimen during the sectioning step. After the grinding, the samples
were polished to remove the last thin layer of the deformed metal for smooth reflective surface
(Devito, 2022).

71

Figure 4-12: Mounted specimens and Buehler EcoMet3000 polisher.

For the final step of the metallurgical preparation, the samples were placed in an etchant.
This process was executed for making the microstructure of the test samples visible for the
microscopy. Kalling’s 2 Reagent, from Es Laboratory (Cat. No.151, Lot. No. 15020), was used for
the etching process. The etchant was applied to each sample using a cotton swab for 30 seconds
while constantly rubbing the surface of the specimen. Immediately after the etchant was applied,
the samples were rinsed for 20 seconds and then air dried. Finally, the prepared samples were
coated in the same lubricant that was used the sectioning process.
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After the metallurgical preparation, the samples were examined and photographed with
two types of microscopy. First, a light optical microscope by Excel Technologies was used for
analyzing the prepared samples (Figure 4-13a). It was decided to use a Keyence device to analyze
the test specimens more meticulously after the examination with the light optical microscope.

Figure 4-13: Microscopy equipment, a) Excel Tech MEF3 Microscope
Each sample was imaged with both of the previously described microscopes. Analysis was
first performed on the macroscopic images. Observations of the larger features could 1) provide
insight on the fracture behavior and 2) determine which area of the surface would be ideal to look
at closer with the more powerful microscope. The benefit of using the macroscopic images as a
starting point for analysis is to allow some insight of what kind of deformation the samples
undergo.
The main purpose of macroscopy is to take measurements of the fractured surface to
determine the fracture length deviation. The numerical analysis represents how evenly, or flat, a
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sample breaks. The irregularity, or lack thereof, of a fracture shape gives clues as to why and how
a sample fails.

Figure 4-14. Macroscopic profile image of sample 111-SX-1: LCF tested.
For the purposes of this research, macroscopic images will be used to draw physical
comparisons between different samples and quantifying them. For example, Figure 4-14 shows
the sample from this set with the lowest fracture length deviation of 0 mm. It can be observed that
the failure of this sample left a uniform surface. The inner material was not displaced very much
during the stress failure, leaving the sample looking almost like it was purposely cut. Some initial
assumptions can be made on how this failure occurred. Since the material type is SX, it is possible
that planar slip occurred so neatly that the resulting surface is mostly smooth. The material
orientation [ 0 1 1 ] and its corresponding angle of the slip planes would account for why the
sample has this fracture angle. It is also possible that this particular sample had an inner defect in
its microstructure which allowed such a perfect fracture to propagate.
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Figure 4-15. Macroscopic profile image of sample 011-DS-6: tensile tested.
In contrast, the sample shown in Figure 4-15 does not appear as if it was cut. It failed in
such a way that it looks as though shards are protruding through the surface. The fracture length
deviation for this sample was calculated to be 2.0665 mm. The reason the fracture length deviation
of this sample is so high could be because of its material type (DS) and/or its material orientation.
The cause of torn looking fracture shape is likely the result of the nature of the tensile test; an
inference from how predominate the necking is in this sample (Devito, 2022). However, not all
tensile samples have fracture surfaces that are this jagged (all fractographs are compiled and
labeled in Appendix A for convenient reference).
It is worth noting that since these two samples underwent two different kinds of loading
conditions, the types of stress and fatigue they underwent would affect their fracture behavior
differently. The difference in results of the two test types is discussed in the analysis section.
Spotlighting these two samples in this section is not meant to compare tensile and LCF tests
directly, but rather to illustrate the two ends of the fracture spectrum that resulted from the
experiments.
75

After macroscopic analysis, the Keyence device is used for microscopic analysis. The
technique for measuring and calculating the surface roughness is identical to the fracture length
deviation technique, but since the magnification is significantly greater, the profile represented by
the number is more accurate to the roughness of the actual surface. The magnified images simplify
the identification of structural elements that affect the fracture process, and the topographical
rendering makes it easy to measure the peaks and valleys of the surface.

Figure 4-16. (a) Microscopic optical image of sample 111-SX-1. (b) Topographical
rendering of surface.
Reviewing sample 111-SX-1 in Figure 4-16, this time with the Keyence microscope, it is
observed that the angled surface of the specimen is not completely flat. Micropores can be
observed in the magnified image, which have been previously observed to be potential points of
stress concentration (Zhang L. Z., 2019). It is possible due to the many pores in this sample that
the stress concentrations were uniformly dispersed, which encouraged a clean breakage.
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Despite the presence of micropores, which would technically count as a valley according
to previously defined criteria, the surface roughness value for this sample is less than 1 µm. The
reason for this is for the sake of consistency. Since the Keyence microscope cannot detect
noticeable height changes from the surface, then the analysis treats the surface as flat even though
a more sensitive microscope might be able to distinguish the smaller height changes. This allows
all the data collected from all the samples to be compared against the same metric.

(a)

(b)

Figure 4-17. (a) Microscopic optical image of sample 011-DS-6 and (b) topographical rendering
of surface.
Sample 011-DS-6 photographed with the Keyence microscope in Figure 4-17 is a good
example of a non-flat surface. Its topographical rendering shows a steep valley and a fairly tall
peak (assuming the yellow level terrain is the “base”). The sample has a surface roughness value
of 576.075 µm, which is the highest roughness value of the tensile tests. The microscopic optical
image shows that the interior of this specimen has noticeably less micropores than sample
111-SX-1, which could explain why the failure was so much less clean.

77

Figure 4-18. Comparison of DS samples all LCF tested with a strain range of 0.016 in/in.
Macroscopic fractography makes it easy to compare fractured samples side by side. In
Figure 4-18, three LCF tested samples are shown next to each other to compare how the material
orientation affects the fracture behavior. The material orientations are different, but all of the
specimens are made of the DS metal and tested with the same conditions. Even though the test
conditions were the same, the resulting fracture surfaces look different. The [001] oriented sample
appears the most flat compared to the rest, as reflected by its fracture length deviation value of
0.538 mm. The fracture length deviation values for the [010] and [011] oriented specimens are
0.7398 mm and 2.0345 mm respectively. These values show a 37% increase in the variation of the
fracture surfaces between the [001] and [010] samples, and then a 278% increase between the
[001] and [011] samples.
The effect grain boundaries has on fracture behavior is well illustrated in Figure 4-18. The
[001] specimen has its crystal grains running parallel to the line of tensile stress, the [010]
specimen has its crystal grains running perpendicular to the line of tensile stress, and the [011]
specimen has its crystal grains running 45° to the line of tensile stress.
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The fracture of the [010] specimen is predictable considering the grain are aligned in a
stacked way that would make it easy for tensile stress to pull apart the layers, a concept that is
proven since there is a visible second crack initiation below where the specimen has already failed.
The fracture of the [011] specimen is interesting because the angle of the jagged sharp edges are
in the neighborhood of a 45° angle. The [001] specimen is less predictable based on grain
boundaries since the tensile stress would pull on all them more or less evenly. It would be more
accurate to ascribe a different cause to why the [001] specimen failed the way it did (compared to
the effect the grains had on the other two specimens). Another fractographic comparison is
illustrated in Figure 4-19. Four samples, two of DS material and two of SX material, have the same
material orientations and were tested at the same strain rates. This shows the fracture behavior
differences between DS and SX samples and the effect temperature has on the fracture shape. The
DS material appears to be more rugged and uneven than the SX, and the small increase in
temperature does not appear to have too great an impact. The corresponding fracture length
deviation measurements are as follows. For the DS samples, the values are 1.084 mm and 1.7893
mm from left to right respectively. For the SX samples, the values are 0.7568 mm and 1.4952 mm
from left to right respectively. Therefore, there is about 30% less variation in the fracture surfaces
between the DS and SX samples tested at 1742°F and 16% less variation in the ones tested at
1832°F. This trend is consistent with the initial prediction.
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Figure 4-19. Comparison of four [ 0 1 1 ] samples that were tensile tested with a strain rate
of 0.01 1/s.
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CHAPTER 5 CONSTITUTIVE MODELING
The objective of this chapter is to apply an uncoupled plasticity, a Chaboche-type
viscoplasticity, and a crystal-viscoplasticity constitutive models for SX and DS NBSAs. All three
models are developed by the Mechanics of Materials Research Group at UCF and have been
modified for this work. The models are tested for a temperature range of 24°C to 1200°C for key
orientations of [001],[011], and [111] or [010]. This work provides an overview of these
constitutive models and comparisons for tensile, LCF, TMF, creep-fatigue, and creep-TMF
conditions. The pros and cons of each model is thoroughly discussed to assess the performance
and application of these constitutive models. Comparisons of the performance of these models for
the same material under identical loading conditions have not been presented before in literature.

5.1 Uncoupled Creep-Plasticity
This study utilizes a non-interaction (NI) approach for the uncoupled creep-plasticity
constitutive modeling. Bouchenot and colleagues developed this approach, and a detailed
explanation of the model is available in a prior study (Bouchenot, Gordon, Shinde, & Gravett,
2014). The non-interaction approach divides total strain to elastic, creep and plasticity parts, such
that
 total =  el ( , T ) +  pl ( , T ) +  cr ( , T , t )

(5-1)

where εtotal is total strain, εel is elastic strain, εpl is time-independent plastic strain, εcr is timedependent creep strain, σ is stress, T is temperature, and t is time. In this model, plasticity and
creep components are assumed to be uncoupled; however, these mechanisms could be coupled in
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microstructure level.
The deformation model is constructed by a methodical process. The cyclic RambergOsgood model (Ramberg, 1943) is informed by the stabilized stress-strain curves from LCF tests

a = a
E

1

   n
+ a 
 K 

(5-2)

where εa is the strain amplitude, σa is the stress amplitude, E is the elastic modulus, and K′ and n′
are parameters that exhibit temperature-dependence. To develop a hysteresis loop, the Masing
model (Masing, 1926) is used, i.e.,
1


   n
 =
+ 2

E
 2K  

(5-3)

for stabilized cyclic conditions, where Δε is the strain range, Δσ is the stress range. A version of
superimposed Armstrong-Fredrick (A-F) kinematic hardening models (Armstrong, 1966) are used
to calculate the back stress of the plastic behavior for creating the non-linear kinematic hardening
(NLKH) approach.
X=

2 3
1 dCi
Ci pl −  i X i p +
 Xi

3 i =1
Ci d

(5-4)

has X is the rate of change of the back stress tensor, Ci, γi, and Xi are the hardening modulus,
hardening modulus rate, and back stress tensor of the three superimposed A-F models,
respectively, k is the initial yield stress,  pl is the plastic strain rate tensor, p is the change of the
accumulated equivalent plastic strain with respect to time, θ is the temperature, and  is the
temperature rate. The slope of the stress-strain hysteresis loop is influenced by the Ci terms. The
decay of the slopes is affected by the γi terms, which enables plastic memory hardening over
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subsequent cycles.
Creep is the deformation of a material permanently generated by thermally-driven loads.
Multiple creep models are available for steady-state creep (SSC) behavior in literature. The Norton
model has been selected as creep component of the NI model. The Norton model at each
temperature is given by
𝜀̇𝑐𝑟 = 𝐴𝜎 𝑛

(5-5)

where σ is the stress,  cr is the creep strain rate, and A, and n are temperature-dependent material
parameters. This creep model is combined with the NLKH plasticity approach to construct the NI
constitutive model employed in this study. The NLKH plasticity model is utilized with this Norton
creep model to establish the NI deformation model in the present work.

5.2 Chaboche Type Viscoplasticity
The Chaboche viscoplasticity model is an elastic-viscoplastic model. The inelastic strain
rate is expressed through the flow rule
3 J ( σ - Χ ) − k0 − R
εin =
2
D

n

M  ( σ − X )
J (σ − X)

(5-6)

where k is the yield stress, R is the kinematic hardening, Z is the drag stress, n is the flow exponent,
M is the matrix for capturing anisotropy, and χ is the back stress (Dong, Yang, Shi, & Yu, 2014).
This version of the model features an anisotropic flow rule, allowing for the capture of SX
materials. The use of rate in place of direct calculations allows for the capture of time and rate
dependencies such as dwell effects to be captured in the model and is a key feature of the
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viscoplastic model.
The back stress acts as the kinematic hardening for the model and serves to move the yield
surface. For this work, three kinematic hardening terms of anisotropic Armstrong-Fredrick type
with static recovery, given by the form,
ijh =

mh −1
2
Nijkl Ch ijin − Pijkl ah ijh p − Oijkl Bh J ( ijh )
ijh
3

(5-7)

were used where N and P, and O are matrices for capturing the anisotropy, C describes the linear
portion of the kinematic hardening, a describes the dynamic recovery, and B and m describe the
static recovery (Shi, Dong, & Yang, 2013). The linear kinematic hardening controls the initial
behavior of each kinematic hardening term and the dynamic recovery lowers the slope from its
initial value until a saturation value is reached. The static recovery term captures the creep and
hold time effects of the material. The kinematic hardening terms are summed
3

X =  Xi

(5-8)

i=1

Non-linear isotropic hardening of the form

R = b(Q − R) p

(5-9)

was used, where b controls how quickly the hardening occurs, and Q controls the saturation value
at which point no more isotropic hardening will accumulate. The isotropic hardening controls the
expansion or contraction of the yield surface as the material exhibits cyclic hardening or softening.

5.3 Crystal Viscoplasticity
Crystallographic slip induced along the slip systems planes plays a crucial role in the
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evolution of the microstructure of anisotropic NBSAs. To get a better description of the effects of
plasticity, it is essential to consider the effects of the plasticity at the slip system level. Crystalviscoplasticity (CVP) theory includes the effects of crystallographic slip to better describe the
material response. Crystal-viscoplasticity models are developed according to rate-independent and
rate-dependent formulations. Crystallographic slip is effectively is a rate-dependent hence, ratedependent formulations are preferred over the rate-independent formulations. The CVP model
utilized for the present study uses a rate-dependent formulation that incorporates a fully implicit
integration scheme and has been presented by the authors in prior work (Wijeyeratne , Irmak, Jeon,
& Gordon , A Crystal Visco-Plastic Model for Ni-Base Superalloys Under LCF, 2019)
(Wijeyeratne , Irmak, & Gordon, Predicting Responses of a SX Ni-Base Superalloy Under a Wide
Range of Monotonic and Cyclic Conditions, 2020). The following section provides an overview
of the key components of the CVP model formulation. The foundation of the CVP formulation is
described by the multiplicative decomposition of the total deformation gradient given by.

F0 = FeFpFθ

(5-10)

where the total deformation gradient is represented by F0, and Fe, Fp, Fθ are the elastic, plastic,
and thermal deformation gradients respectively. The multiplicative decomposition of the total
deformation gradient assumes that the deformation is reached by alterations in the crystal lattice
due to the stretch and rigid body rotation represented by the elastic deformation gradient Fe. The
rotation of the lattice and finite stretch is represented by the plastic deformation gradient Fp. The
expansion and contraction of the lattice are represented by the thermal deformation gradient Fθ.
The rate-dependent effects of the plastic deformation cause instant changes in the flow
stress due to abrupt variation of the strain rate. These strain-rate effects are represented at the slip
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system level by a power-law flow. The flow rule defines the relationship between the shear rates
and resolved shear stress. This relationship is applied to all the slip systems. Internal state variables
(ISVs) are incorporated into the flow rule to represent the material hardening. The flow rule for
each slip is given by,
t

( )

 t ( ) − t ( ) −  t( )

= o

gt ( )

m

sgn ( t ( ) − t ( ) )

(𝛼)

(5-11)

(𝛼)

where 𝛾̇𝑡 is the shear rate on the αth slip system, 𝛾̇ 0 is the reference shear rate, 𝜏𝑡
(𝛼)

shear stress αth slip system, 𝛫𝑡

(𝛼)

on the αth slip system, and 𝑔 𝑡

is the resolved

(𝛼)

is the threshold stress on the αth slip system, 𝜒 𝑡 is the back stress

is the drag stress on the αth slip system m is the flow exponent. The

flow exponent controls the rate sensitivity of the CVP model. Kinematic hardening and isotropic
hardening are both incorporated as ISVs. The translation of the yield surface with constant size
and shape, which is captured by the kinematic hardening which is represented by the back stress
ISVs. An Armstrong and Fedrick type back stress evolution model is utilized to characterize the
kinematic hardening (Armstrong, 1966).
t( ) = C ( ) − D ( )  ( )
(𝛼)

Here, the back stress rate on the αth slip system 𝜒̇ 𝑡

(5-12)
is related to the shear rate on the αth

slip system, where C is the direct hardening coefficient and D is the dynamic recovery coefficient.
The Isotropic hardening represents the contraction and expansion of the yield surface which is
incorporated into drag stress ISV given by the following relationshi (Paidar, Pope, & Vitek, 1984).
gt( ) = ( Ak − Bk g ( ) )   ( )
(𝛼)

Here, the drag stress rate on the αth slip system 𝑔̇ 𝑡
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(5-13)

is related to the shear rate on the αth

slip system, where Ak is the direct hardening coefficient and Bk is the dynamic hardening
coefficient.
The Single-crystal NBSAs have Face-Centered Cubic (FCC) structure. The CVP model
incorporates 12 Face-Centered Cubic (FCC) octahedral systems {111} <110> slip systems and six
{100}<110> cubic slip systems. The octahedral slip system is active for the entire temperature.
The cube slip systems are essential in modeling the [111] orientation. Another important effect
that requires to be considered is the non-Schmid effects by integrating the cross slip systems. The
model utilizes 12 primary, 12 secondary cross slip systems, and 12 cube slip systems. The PaidarPope-Vitek (PPV) model is utilized to capture the Non-Schmid effects on the cross slip systems
(Paidar, Pope, & Vitek, 1984).

  = hp p + hs s + hc c =  cr

(5-14)

where, 𝜏𝑐𝑟 is the critical resolved shear stress. 𝜏𝑝𝛼 , 𝜏𝑠𝛼 and 𝜏𝑐𝛼 are the shear stress on the primarysecondary cross slip planes and cube slip planes, ℎ𝑝 , ℎ𝑠 and ℎ𝑐 are temperature-dependent
constants. Various techniques of explicit and implicit integration methods have been established
to solve rate-dependent CVP models. An implicit integration technique is employed to solve for
the stresses at each time step.
The interactions between the flow rule and the elastic-plastic decomposition of the
deformation gradient cause the resulting differential equation to be stiff, thus an implicit
integration scheme is preferred over an explicit integration scheme. A Newton-Raphson iterative
implicit integration scheme is utilized to compute shearing rates at the end of the time step to solve
for the stress at the end of the time step. The CVP model is executed as a FORTRAN subroutine
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via an ANSYS – USERMAT. The simulation is performed on an eight-node single element model.

5.4 Constitutive Modeling Applications
The Uncoupled creep model, Chaboche model, and the CVP model are calibrated by fitting
data ranging from 25°C-1000°C. Generic SX material properties are created from the
comprehensive databases, presented in Chapter 2. These properties are presented in Table 5-1,
Table 5-2, Table 5-3, Table 5-4 and Table 5-5.
The results from fits of the single element simulations from the Chaboche model and the
CVP compared with data for the SX-NBSAs for [001], [011] and [111] orientations at temperatures
25°C, 400°C, 600°C, and 800°C are shown in Figure 5-1, These fits are utilized to develop the
temperature-dependent modeling constants for the Chaboche and CVP models. The uncoupled
creep-plasticity model is built primarily for mid-life simulations; therefore, it was not used for the
tensile results comparisons.
Table 5-1. Generic SX elastic properties for constitutive modeling.
Temperature E001(GPa) E011(GPa)
E111(GPa)
G001(GPa)
ν001
(°C)
24
120.157
219.779
304.081
130.000 0.387
200
117.402
210.712
295.099
122.000 0.386
400
111.410
201.324
282.123
115.000 0.386
500
109.038
197.114
274.180
110.000 0.387
600
106.158
192.192
265.224
107.000 0.388
700
101.603
185.555
255.219
102.000 0.389
800
94.374
176.371
244.063
99.000 0.391
900
84.092
164.273
231.522
93.000 0.393
950
77.973
157.214
224.611
90.000 0.394
1000
71.463
149.648
217.180
87.000 0.396
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Table 5-2. Generic SX strength properties for constitutive modeling.
UTS001(MPa)
Temperature(°C) 0.2%
YS001(MPa)
24
949.606
975.912
200
908.739
947.991
400
899.419
970.927
500
967.110
1053.438
600
1046.912
1141.690
700
1092.481
1186.158
800
1060.005
1141.657
900
923.142
983.167
950
815.789
862.765
1000
687.967
721.656

Table 5-3. Generic SX monotonic Ramberg-Osgood modeling parameters.
Temperature(°C)
24
200
400
500
600
700
800
900
950
1000

K001
1041.443
1082.339
1084.701
1192.073
1250.000
1288.114
1152.582
860.922
670.970
550.000

K011

K111

918.000
967.817
934.156
988.544
952.338
1045.843
906.795
688.702
548.582
492.552

955.000
1002.800
992.098
1033.995
986.102
1055.836
895.127
685.856
553.565
496.708

n001
0.017
0.022
0.025
0.026
0.031
0.038
0.043
0.042
0.042
0.043

n011
0.017
0.022
0.025
0.026
0.031
0.038
0.043
0.046
0.048
0.052

n111
0.017
0.022
0.025
0.026
0.031
0.038
0.043
0.046
0.048
0.052

The comparison of low cycle fatigue (LCF) simulations between the uncoupled creep
plasticity, Chaboche, and CVP models are shown in Figure 5-2. The LCF simulations were
performed on a single element for the [001] orientation at 400°C and 800°C.
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Table 5-4. Generic SX cyclic Ramberg-Osgood modeling parameters.
Temperature(°C)
24
200
400
500
600
700
800
900
950
1000

K'001
1178.233
1105.140
1107.904
1230.790
1180.300
1336.502
1186.203
832.467
571.736
481.323

K'011

K'111

1246.845
1196.236
1149.976
1224.241
1174.936
1300.859
1111.596
786.898
552.905
452.594

n'001

1305.904
1243.399
1229.032
1284.859
1220.863
1313.447
1095.497
783.165
562.372
459.595

0.083
0.081
0.087
0.094
0.095
0.119
0.122
0.148
0.159
0.189

n'011
0.083
0.081
0.087
0.094
0.095
0.119
0.122
0.148
0.159
0.189

n'111
0.083
0.081
0.087
0.094
0.095
0.119
0.122
0.148
0.159
0.189

Table 5-5. Generic SX Norton’s creep modeling parameters.
Temperature(°C) A001(MPa^n/s)
871
3.06E-33
925
3.57E-24
982
9.41E-22
1000
2.26E-24

n001
1.00E+01
7.199
6.49E+00
7.73E+00

The comparison of the creep-fatigue simulations between the uncoupled creep plasticity,
Chaboche, and CVP models are shown in Figure 5-3. The creep simulations were performed on a
single element for the [001] orientation at 900°C and a 2 minute dwell period in compression for
zero-to-tension and fully reversed loading conditions.
The comparison of the thermo-mechanical fatigue TMF simulations between the
uncoupled creep plasticity, Chaboche, and CVP models are shown in Figure 5-4. The TMF
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simulations were performed on a single element for the [001], [011], and [111] orientations for
zero-to-compression in-phase and out-of-phase loading for a temperature range of 25°C- 900°C.
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Results for multi-element coupon for the out of loading conditions are also shown in Figure 5-4[f],
Figure 5-4[g], and Figure 5-4[h].

Figure 5-1. Tensile simulations for CVP compared with experimental data at [a] 24°C and
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1500

800
CV
C
Chaboche

600
400

500

Stress (M a)

Stress (M a)

1000

0

-500

CV
C
Chaboche

200
0
-200
-400

-1000

-600

-1500
-0.015

-0.01

-0.005

0

0.005

0.01

Strain(mm/mm)

0.015

-800
-0.015

-0.01

-0.005

0

0.005

0.01

0.015

Strain (mm/mm)

[a]

[b]

Figure 5-2. Comparison of LCF simulations for [001] at [a] 400°C and [b] 800°C.

800

600
CV
C
Chaboche

400

200

CV
C
Chaboche

200

Stres (M a)

Stress (M a)

400

600

0

0

-200

-200

-400
-400

-600

-600
0

0.005

0.01

Strain (mm/mm)

0.015

0.02

-800
-0.015

[a]

-0.01

-0.005

0

0.005

Strain (mm/mm)

0.01

0.015

[b]

Figure 5-3. Comparison of creep fatigue simulations for [001] at 900 °C for [001] at [a]
zero-to-tension and [b] fully reversed
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Figure 5-4. [a] In-phase loading cycle, in-phase TMF for [b] [001], [c] [011], [d] [111], [e]
out-of-phase loading cycle, out-of-phase loading for [f] [001], [g] [011] and [h] [111]
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The comparison of the creep -TMF simulations between the uncoupled creep plasticity,
Chaboche, and CVP models are shown in Figure 5-5. The TMF simulations were performed on a
single element for the [001], [011], and [111] orientations for zero-to-compression out-of-phase
loading for a temperature range of 25°C- 900°C with a 2-minute dwell period in compression.
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Figure 5-5. [a] In-of-phase loading cycle, out-phase creep-TMF for [b] [001], [c] [011], [d]
[111]
Multi-element TMF simulations were performed utilizing the CVP model. The
multielement model is developed to replicate the specification of the test coupon utilized for the
materials experiment. The coupon model consists of 322 elements and 1732 nodes. The stress in
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the multi-element model is extracted from the surface at the center of the gage section. The stress
results for the TMF simulations are presented in Figure 5-4[f], Figure 5-4[g], and Figure 5-4[h].
The Contour plots presented in Figure 5-6 show the variation of the normal stress along the zdirection from multi-element coupon simulations.

Figure 5-6. Contour plots of normal stress in the Z-direction from multi-element
simulations under TMF 25°C- 900°C at [a] [001], [b] [011] and, [c] [111]
The tensile fits from the Chaboche model and the CVP model are presented in Figure 5-1
shows excellent agreement with the data for all the temperatures and all three orientations. The
model is capable of matching the stiffness, UTS, yield stress, hardening, and anisotropy of SXNBSA material very well. For higher temperatures, SX material starts to undergo hardening to
low-stress levels the which both the models can simulate. The results of the LCF comparison of
the three models presented in Figure 5-2 show the uncoupled creep plasticity model and chaboche
type model to be quite similar to each other while the CVP models show more plasticity and
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tension-compression asymmetry. Single crystal NBSAs exhibit tension-compression asymmetry.
The tension-compression asymmetry is attributed to the flow stress in tension being greater than
the flow stress in compression for orientations close to the [001] orientatio. The uncoupled creep
model and Chaboche model are not capable of capturing this behavior. The comparison of the
isothermal creep-fatigue simulation presented in Figure 5-3 shows a similar difference as seen in
the LCF simulations between the CVP and the other two models. The CVP models displays more
plasticity and tension-compression asymmetry. All three models show similar amounts of stress
relaxation for the simulated 2 minute dwell period. The results of the uncoupled creep plasticity
model and the Chaboche model show less plasticity in comparison to the CVP model under TMF
and creep TMF loading. The stress-strain results from the CVP model extracted from the gauge
section of the coupon simulation are consistent with single element results as shown in Figure
5-4[f], Figure 5-4[g], and Figure 5-4[h]. The uncoupled plasticity models are mainly utilized to
model the isotropic behavior; hence it is limited only to the [001] direction and is unable to
accurately predict the anisotropy of the SX NBSA. Even though the Chaboche model can perform
anisotropic simulations, it may not show the expected materia behavior. The TMF behavior for
SX materials for the [011] and [111] orientations are quite similar with [111] orientation exhibiting
more plasticity. The Chaboche model shows similar results to the CVP model for the [011]
orientation, however, its results for [111] are drastically different deviating from the expected
behavior. The results from the CVP model reflect the expected material behavior for [001], [011],
and [111] orientations.
The comparison of the three models concluded that the CVP model is more capable of
accurately simulating the anisotropic behavior of NBSAs. With this understanding, the CVP model
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is utilized to analyze the DS alloys. The results of the DS CVP model compared with the
experimental data from Chapter 4. Similar to the SX deformation study, certain generic material
properties are gathered to create the modeling parameters for this constitutive model. These
properties are presented in Table 5-6, Table 5-7, Table 5-8, and Table 5-9.
Table 5-6. Generic DS elastic properties for constitutive modeling
Temperature E001(GPa) E010(GPa)
E011(GPa)
G001(GPa)
ν001
(°C)
24
131.288
166.360
218.897
130.000 0.387
200
127.051
161.260
210.265
122.000 0.386
400
119.828
154.037
201.348
115.000 0.386
500
115.731
149.588
196.390
110.000 0.387
600
111.289
144.429
190.702
107.000 0.388
700
106.298
138.449
184.040
102.000 0.389
800
100.404
131.534
176.201
99.000 0.391
900
93.105
123.572
167.026
93.000 0.393
950
88.731
119.163
161.899
90.000 0.394
1000
83.748
114.450
156.398
87.000 0.396

Table 5-7. Generic DS strength properties for constitutive modeling.
UTS001(MPa)
Temperature(°C) 0.2%
YS001(MPa)
24
969.044
1130.675
200
927.172
1131.680
400
827.758
1201.648
500
830.212
1216.076
600
859.313
1189.901
700
877.109
1102.948
800
820.160
935.045
900
599.544
666.017
950
393.102
487.277
1000
250.000
275.690

97

Table 5-8. Generic DS monotonic Ramberg-Osgood modeling parameters.
Temperature(°C)
24
200
400
500
600
700
800
900
950
1000

K001

K010

1444.656
1599.483
2402.540
2395.176
2013.610
1544.350
1117.792
762.861
639.816
311.640

K011

917.622
919.576
896.090
1083.089
1236.200
1271.865
1131.027
772.993
624.440
408.482

1617.842
1471.453
1562.285
1701.440
1822.415
1819.490
1568.997
963.776
525.758
349.891

n001
0.039
0.056
0.111
0.109
0.085
0.054
0.029
0.022
0.044
0.020

n010
0.039
0.056
0.111
0.109
0.085
0.054
0.029
0.022
0.044
0.020

n011
0.039
0.056
0.111
0.109
0.085
0.054
0.029
0.022
0.044
0.020

Table 5-9. Generic DS Norton’s creep modeling parameters.
Temperature(°C)

A001(MPa^-n/s)

816
871
940
982

2.447E-23
5.764E-21
3.507E-18
8.29E-17

n001
7
6.507
6
5.547

All the experimental data included here are normalized due to proprietary information of
contributors. Experiments were carried out at 6 Temperatures in increasing order T1, T2, T3, T4,
T5, and T6. Tensile fits using the CVP T1, T2, T3, and T6 for [L],[T], and [45°] orientations are
shown in Figure 5-7 through Figure 5-10.
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Figure 5-7. Tensile simulations compared with experimental data for temperature T1
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Figure 5-8. Tensile simulations compared with experimental data for temperature T2
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Figure 5-9.Tensile simulations compared with experimental data for temperature T3
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Figure 5-10. Tensile simulations compared with experimental data for temperature T6
The CVP model shows excellent agreement with experimental data. Due to anisotropy of
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the DS material, the stiffness for the [T] and [45°] orientations are much greater than [L]
orientation, however, the yield stress of the [L] is higher than [L] and [45°]. The [45°] orientation
has the highest stiffness, however, [T] and [45°] orientations yield at similar stress levels. At the
highest temperature, the material yields at significantly lower stress, which shows a reduction in
strength. Due to the dependence of some of the modeling constants for the [L] and [45°]
orientations achieving exact fits is quite challenging thus a very minor compromise is required to
find the finest possible fits whilst selecting a set of constants that best fit all three orientations. The
CVP model shows good agreement with experimental data for the tensile cases, it can accurately
simulate the stiffness, UTS, strain hardening, and orientation dependence of the material very well.
Cyclic fits at temperature T4 and T5 for the [L] orientation are shown in Figure 5-11 and .
Cyclic simulation at temperature T5 for two strain ranges for the [T] orientation shown in Figure
5-13, and Figure 5-14 shows the cyclic fits at temperature T5 for the [45°] orientation. The
stabilized cycle from the experimental data is used to evaluate the stabilized cycle of the
simulations from the CVP model. Comparing Figure 5-11 and DS materials display more
plasticity at temperature T5 compared to temperature T4 even at a much lower strain level. the
CVP model shows good agreement with experimental results at temperature T4 and T5.
Comparing Figure 5-13 and Figure 5-14 for this material the [45°] shows more plastic deformation
than the [T] orientation for a similar strain range. The CVP model describes the mean stress, stress
strange, and hardening effects quite well.
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Figure 5-11. Cyclic simulation compared with experimental data at temperature T4in the
[L] orientation.
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Figure 5-12. Cyclic simulation compared with experimental data at T5 in the [L] orientation.
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Figure 5-13. Cyclic simulations compared with experimental data at temperature T5 in the
[T] orientation at two strain ranges.
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Figure 5-14. Cyclic simulation compared with experimental data at temperature T5 in the
[45°] orientation.
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CHAPTER 6 YIELD CRITERIA
. In this chapter, the yield behavior of generic SX and DS NBSAs is presented and modeled.
By observing various SX and DS alloys, it was concluded with need for a novel criterion that can
present anisotropic and tensile/compressive asymmetric yield surfaces. The parameters for the
criterion are obtained from simple uniaxial tension and compression experiments. Results are
compared with various well-established yield criterions.

6.1 Modeling Formulation
Hill’s yield criterion has been utilized very frequently due to its simplistic and practical
nature. When the applied load is not in the direction of principal axes of the material coordinate
system, a coupling effect of normal and shear stresses occurs for orthotropic materials. This
phenomenon is not captured with Hill’s criterion for these material types (Hill R. , 1948). In 2006,
Ding and colleagues (Ding, 2006) proposed a modified version of Hill’s criterion to capture the
yield behavior of single crystal alloys more accurately. In this method, the quadratic product of
variables from deviatoric stress tensors are formed the coupling effect of normal and shear stresses
with the assumption of the impact of hydrostatic stress and Bauschinger effect are negligible. Also,
this method is formulated for alloys with tensile and compressive symmetrical yield behavior. The
effective stress for Ding and colleagues is as follows,

𝜎𝑒𝑓𝑓

2
2
2
𝐴[(𝜎22− 𝜎33 )2 + (𝜎33− 𝜎11 )2 + (𝜎11− 𝜎22 )2 ] + 𝐵[𝜎23
+ 𝜎31
+ 𝜎31
]+
=√
2 (2𝜎
2
2
2
2
2
𝐶[𝜎23
11 − 𝜎22 − 𝜎33 ) + 𝜎31 (2𝜎22 − 𝜎11 − 𝜎33 ) + 𝜎12 (2𝜎33 − 𝜎11 − 𝜎22 ) ]

(6-1)
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where A, B, and C are obtained with the yield stresses in the direction of [001], [011] and [111]
orientations. This equation reduces to Hill’s effective stress when C=0, and if A=0.5 and B=3 then
it becomes the Von Mises stress. With the modifications to Hill’s criterion, this method presented
more accurate results for DD3 SX alloy. The comprehensive database developed in this work and
multiple references present tensile/compressive asymmetrical behavior for SX and DS Nickelbased superalloys. In 1997, Liu and colleagues proposed a new approach for asymmetrical
orthotropic materials (Liu C, 1997). This approach utilizes both Hill’s and Drucker-Prager criteria.
Equation 7-2 presents the Drucker-Prager equation.
𝐴(3𝐽2′ )1/2 + 𝐵𝐽1 = 1

(6-2)

where 𝐽1 is the first invariant of the stress tensor, 𝐽2 ′ is the second invariant of the deviatoric part
of the stress tensor. The material constants A and B are calculated from the tensile and compressive
yield stresses.

𝐴=

𝜎0𝑇 +𝜎0𝐶
2𝜎0𝑇 𝜎0𝐶

, 𝐵=−

𝜎0𝑇 −𝜎0𝐶

(6-3)

2𝜎0𝑇 𝜎0𝐶

They adopted the material constant A of Drucker- rager criterion to form modified Hill’s
parameters with tensile and compressive yield terms.
𝐹=

2

2

2

2

2

2

1 𝜎2𝑇 + 𝜎2𝐶
𝜎3𝑇 + 𝜎3𝐶
𝜎1𝑇 + 𝜎1𝐶
{(
)
+
(
)
−
(
) }
2 2𝜎2𝑇 𝜎2𝐶
2𝜎3𝑇 𝜎3𝐶
2𝜎1𝑇 𝜎1𝐶

1 𝜎3𝑇 + 𝜎3𝐶
𝜎1𝑇 + 𝜎1𝐶
𝜎2𝑇 + 𝜎2𝐶
𝐺 = {(
)
+
(
)
−
(
) }
2 2𝜎3𝑇 𝜎3𝐶
2𝜎1𝑇 𝜎1𝐶
2𝜎2𝑇 𝜎2𝐶
𝐻=

1
2

{(

𝜎1𝑇 +𝜎1𝐶
2𝜎1𝑇 𝜎1𝐶

2

) +(

𝜎2𝑇 +𝜎2𝐶
2𝜎2𝑇 𝜎2𝐶

2

) −(

𝜎3𝑇 +𝜎3𝐶
2𝜎3𝑇 𝜎3𝐶

2

) }

(6-4)

where F, G and H are Hill’s parameters. Additional terms I, J and K are created to capture the TCA
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accurately with the formulation of constant B of the Drucker-Prager criterion.
𝜎𝑇 −𝜎𝑐

𝜎𝑇 −𝜎𝑐

𝜎𝑇 −𝜎𝑐

11
11
22
22
33
33
𝐼 = − 2𝜎
𝑇 𝜎 𝐶 , 𝐽 = − 2𝜎 𝑇 𝜎 𝐶 , 𝐾 = − 2𝜎 𝑇 𝜎 𝐶
11 11

22 22

(6-5)

33 33

In conclusion, Liu’s yield criterion takes the form of,
{𝐹(𝜎22− 𝜎33 )2 + 𝐺(𝜎33− 𝜎11 )2 + 𝐻(𝜎11− 𝜎22 )2
1

2
2
2 2
+2𝐿𝜎23
+ 2𝑀𝜎31
+ 2𝑁𝜎12
}

+𝐼𝜎11 + 𝐽𝜎22 + 𝐾𝜎33 = 1

(6-6)

If the compressive and tensile yield stresses are equal, then I, J and K become 0, and the model
reduces to Hill’s equation. This method has been utilized to present TCA yield behavior for various
alloys, but it lacks accuracy where the coupling effect of normal and shear stresses exist, which is
important for SX materials.
In this study, the work of Ding and Liu are modified and extended to present the yield
behavior of anisotropic NBSAs with non-equal tensile and compressive yield stresses (Irmak,
Hanekom, Torkaman, & Gordon, 2022). The goal is to keep the simplicity and practicality of Hill’s
criterion, while creating a method that is more applicable for Nickel-base superalloys. First
additional terms are added to the Hill’s equation to capture the coupling effect of normal and shear
stresses for certain loading or material orientations, e,g.
2
2
2
𝐹(𝜎22− 𝜎33 )2 + 𝐺(𝜎33− 𝜎11 )2 + 𝐻(𝜎11− 𝜎22 )2 + 2𝐿𝜎23
+ 2𝑀𝜎31
+ 2𝑁𝜎12
+
2 (2𝜎
2
2
2
2
2
𝐶[𝜎23
11 − 𝜎22 − 𝜎33 ) + 𝜎31 (2𝜎22 − 𝜎11 − 𝜎33 ) + 𝜎12 (2𝜎33 − 𝜎11 − 𝜎22 ) ] = 1

(6-7)
where F, G, H, L, M and N are Hill’s parameters, and C is a regression parameter to improve the
accuracy of the criterion. In order to present tensile and compressive asymmetry, parameters I, J
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and K are included from Liu’s method. These parameters are multiplied by respective normal
stresses, and parameters F, G, H are modified to include compressive yield strength values. The
final version of this criterion is
1/2

(

2
2
2
𝐹(𝜎22− 𝜎33 )2 + 𝐺(𝜎33− 𝜎11 )2 + 𝐻(𝜎11− 𝜎22 )2 + 2𝐿𝜎23
+ 2𝑀𝜎31
+ 2𝑁𝜎12
+
2 (2𝜎
2
2
2
2
2 )
𝐶[𝜎23
11 − 𝜎22 − 𝜎33 ) + 𝜎31 (2𝜎22 − 𝜎11 − 𝜎33 ) + 𝜎12 (2𝜎33 − 𝜎11 − 𝜎22 ) ]

+ 𝐼𝜎11 + 𝐽𝜎22 + 𝐾𝜎33 = 1

(6-8)
where the equation reduces to Hill’s criterion if tensile/compressive strengths are symmetrical, and
the parameter C is zero. If the candidate material is isotropic, then this equation becomes VonMises’s criterion. Single-crystal alloys are cubic materials, which have the same mechanical
behavior in the [001], [010] and [100] crystallographic directions. Therefore, yield behavior in
principal axes 1,2,3 or cartesian axes x, y, z is the same. Resulting in parameters F=G=H, L=M=N
and I=J=K. Based on this behavior, the original equation (Eq.7-8) takes the form of
1=√

2
2
2 )
𝐹[(𝜎22− 𝜎33 )2 + (𝜎33− 𝜎11 )2 + (𝜎11− 𝜎22 )2 ] + L(2𝜎23
+ 2𝜎31
+ 2𝜎12
+
2 (2𝜎
2
2
2
2
2
𝐶[𝜎23
11 − 𝜎22 − 𝜎33 ) + 𝜎31 (2𝜎22 − 𝜎11 − 𝜎33 ) + 𝜎12 (2𝜎33 − 𝜎11 − 𝜎22 ) ]

+𝐼(𝜎11 + 𝜎22 + 𝜎33 )

(6-9)

for SX alloys. Total number of modeling parameters are reduced from 10 to 4. Additionally, the
equation for parameter F reduces to
𝐶
𝑇
1 𝜎0.2%
𝑌𝑆[001] − 𝜎0.2% 𝑌𝑆[001]
𝐹= (
)2
𝑇
𝐶
2 2 ∗ 𝜎0.2%
∗
𝜎
𝑌𝑆[001]
0.2% 𝑌𝑆[001]

(6-10)
where it only depends on 0.2% tensile and compressive yield stresses in [001] crystallographic
orientation. Similarly, parameter I is obtained from simple tensile and compressive experiments
with [001] oriented material.
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𝐼=−

𝐶
𝑇
𝜎0.2%
𝑌𝑆[001] − 𝜎0.2% 𝑌𝑆[001]
𝑇
𝐶
2 ∗ 𝜎0.2%
𝑌𝑆[001] ∗ 𝜎0.2% 𝑌𝑆[001]

(6-11)
Parameters L, M and N account for shear and off-axis behavior. These can be obtained by pure
torsion tests or approximated by cubic crystallography for SX alloys. Parameter F and the ratio
between yield strength of [111] and [001] orientations determine the value of parameters L, M and
N.
𝜎𝑇

𝑌𝑆[111] 2
𝐿 = 𝐹(𝜎0.2%
)
𝑇

(6-12)

0.2% 𝑌𝑆[001]

where TCA is still captured through parameter F.
Determining the modeling parameters is slightly more complicated for directionally
solidified Nickel-base superalloys. The DS alloys are transversely isotropic; therefore, some of the
simplifications above cannot be implemented. For transversely isotropic materials, mechanical
properties are the same on an axis that is normal to a plane of isotropy. With the assumption of zaxis (or principal axis 3) is normal to the plane of isotropy for the parameter determination. This
will result in properties being symmetric for x(1) and y(2) directions or [010] and [100]
orientations. Consequently, parameters F=G, L=M and I=J. Based on the transversely isotropic
theory, the original equation (Eq.6-13) takes the form of

1= √

2
2
2
𝐹(𝜎22− 𝜎33 )2 + 𝐹(𝜎33− 𝜎11 )2 + 𝐻(𝜎11− 𝜎22 )2 + 2𝐿𝜎23
+ 2𝐿𝜎31
+ 2𝑁𝜎12
+
2 (2𝜎
2
2
2
2
2
𝐶[𝜎23
11 − 𝜎22 − 𝜎33 ) + 𝜎31 (2𝜎22 − 𝜎11 − 𝜎33 ) + 𝜎12 (2𝜎33 − 𝜎11 − 𝜎22 ) ]

+𝐼𝜎11 + 𝐼𝜎22 + 𝐾𝜎33

(6-13)

for DS alloys. Total number of modeling parameters are reduced from 10 to 7. Calculation of
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parameters F and G reduces to equation 6-14with yield strengths in 1(x) and 2(y) directions to be
equal, which is the same for SX alloys. However, yield strengths in [010] orientation are also used
to determine the parameter H.
2

2

𝑇
𝐶
𝑇
𝐶
𝜎0.2%
𝜎0.2%
1
𝑌𝑆[010] − 𝜎0.2% 𝑌𝑆[010]
𝑌𝑆[001] − 𝜎0.2% 𝑌𝑆[001]
𝐻 = [2 ∗ (
)
−
(
) ]
𝑇
𝐶
𝑇
𝐶
2
2 ∗ 𝜎0.2%
2 ∗ 𝜎0.2%
𝑌𝑆[010] ∗ 𝜎0.2% 𝑌𝑆[010]
𝑌𝑆[001] ∗ 𝜎0.2% 𝑌𝑆[001]

(6-14)
For parameters affecting the tensile/compressive behavior, strengths in [001] orientation
are utilized for K and I, and J is captured by strength in [010] orientation data.
𝐼=−

𝐶
𝑇
𝜎0.2%
𝑌𝑆[010] − 𝜎0.2% 𝑌𝑆[010]
𝑇
𝐶
2 ∗ 𝜎0.2%
𝑌𝑆[010] ∗ 𝜎0.2% 𝑌𝑆[010]
𝜎𝑇

0.2% 𝑌𝑆[001]
𝐾 = − 2∗𝜎
𝑇

𝐶
−𝜎0.2%
𝑌𝑆[001]

𝐶
0.2% 𝑌𝑆[001] ∗𝜎0.2% 𝑌𝑆[001]

(6-15)

Parameters L, M and N are obtained by test data in transverse [010] and diagonal [011]
orientation for DS alloys.
𝐿=

3
1
( 𝑇
)2
2 𝜎0.2% 𝑌𝑆[010]

𝑁=

3
1
( 𝑇
)2
2 𝜎0.2% 𝑌𝑆[011]
(6-16)

6.2 Modeling Results
In order to analyze the accuracy of the novel yield criterion, generic yield strength
equations are created based on observed trends of SX (Eq. 7-15) and DS (Eq. 7-16) alloys over
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various temperature levels,

(6-15)

(6-16)
where 𝑆𝑦 is 0.2% yield strength at dedicated orientation, T represents the temperature level, and
𝑇𝑀 is the melting temperature of SX and DS alloys. Yield strength curves are created using
Equations 7-15 and 7-16, as shown in Figure 6-1. For the SX alloys, the [001] yield line starts with
lower strength, but eventually presents elevated values at higher temperature levels. The simulated
lines for off-axis [011] and [111] orientations have almost identical trend from room temperature
to 1200°C.
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Figure 6-1. Generic yield strength curves for SX (a) and DS (b) alloys.
Table 6-1. Yield criterion parameters for generic SX alloy.
G*10−6(
H*10−6(
L*10−6(
M*10−6(
N*10−6(
C*10−12(
Temperat F*10−6(
−2
−2
−2
−2
−2
−2
ure(°C)
𝑀𝑃𝑎 )
𝑀𝑃𝑎 )
𝑀𝑃𝑎 )
𝑀𝑃𝑎 )
𝑀𝑃𝑎 )
𝑀𝑃𝑎 )
𝑀𝑃𝑎−4 )
24
0.554
0.554
0.554
1.969
0.197
0.197
-2.420
400
0.617
0.617
0.617
2.131
2.131
2.131
-4.790
600
0.454
0.454
0.454
1.209
1.209
1.209
-1.275
700
0.416
0.416
0.416
0.944
0.944
0.944
-0.466
800
0.442
0.442
0.442
0.849
0.849
0.849
-0.277
900
0.581
0.581
0.581
0.948
0.948
0.948
-0.964
1000
1.004
1.004
1.004
1.495
1.495
1.495
-7.297

111

Table 6-2. Yield criterion parameters for generic DS alloy.
G*10−6(
H*10−6(
L*10−6(
M*10−6(
N*10−6(
C*10−12(
Temperat F*10−6(
ure(°C)
𝑀𝑃𝑎−2 )
𝑀𝑃𝑎−2 )
𝑀𝑃𝑎−2 )
𝑀𝑃𝑎−2 )
𝑀𝑃𝑎−2 )
𝑀𝑃𝑎−2 )
𝑀𝑃𝑎−4 )
0.661
0.661
1.048
2.338
2.338
2.563
-0.256
24
0.762
0.762
0.800
2.739
2.739
2.340
-2.976
400
0.726
0.726
0.761
2.597
2.597
2.230
-2.631
600
0.692
0.692
0.760
2.361
2.361
2.117
-1.809
700
0.744
0.744
0.781
2.815
2.815
2.286
-3.627
800
1.389
1.389
1.212
4.817
4.817
3.902
-7.295
900
3.858
3.858
4.793
19.133
19.133
12.976
-21.700
1000

The novel criterion is exercised and compared with other methods for Nickel-based alloys
in this section. Tensile test results [53] for DD3 are utilized to present the accuracy of the present
study with SX alloys. This set of data includes yield strengths of DD3 with [001], [011], [112] and
[111] orientations. Also, it presents tensile/compressive symmetry for this specific SX alloy;
therefore, parameters I, J and K are all zero for this comparison. As stated previously, test data
with [001] and [111] orientations are applied to obtain parameters F, G, H, L, M and N. Tensile
strengths of [011] orientations are used for calculating parameter C by utilizing a simple solver
routine in MATLAB software. Table 6-3 presents test values and calculations errors of four
different criterions at three temperature levels. At the lowest temperature, calculation error present
the highest values. This is because tests indicate more anisotropy exist between different oriented
specimens. The lowest percentage of errors for cases at 850°C and 760°C are calculated by the
method presented here. At 950°C, Von Mises criterion shows the most accurate prediction. The
candidate alloy does not display much anisotropy for yield strength at this temperature level. As
stated earlier, Hill’s criterion struggles with capturing the coupling effect of normal and shear
stresses when the material has [112] orientation. Ding’s method presents more accurate results
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compared to Hill’s. Simulated off-axis yield data is plotted against the experimental data of DD3
SX alloy in Figure 6-2. Only the off-axis data is utilized to make comparisons since [001]
orientation values are the bases of modeling parameters of this criterion. The coefficient of
determination, 𝑅 2 , value for this comparison is 0.9656, which shows great accuracy of the novel
yield criterion across various temperature levels built on the generic strength parameters.
Table 6-3.Various yield criterions are compared with experimental data of DD3 SX alloy.
Temperature (°C)

950

850

760

Test Value (MPa)

530

809

880

Calculation Error (%)

Calculation Error (%)

Calculation Error (%)

Von Mises

0.094

7.01

9.5

Hill’s criterion

3.10

3.84

13.95

Ding’s criterion

3.31

2.84

7.54

Present Study

1.76

2.38

3.48

Predicted Yield Strength(MPa)

1400
1200

R² = 0.9656

SX DD3
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0
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Figure 6-2. Actual vs Predicted plot for the novel yield criterion based on the data from SX
DD3 alloy.
Most of the data available in the literature regarding yield behavior of Nickel base
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superalloys are recorded with tensile tests. Very few researchers have presented data with
compressive loading. Kakehi and Rae provided experimental data of PWA 1480 SX alloy with
tensile and compressive loading at three temperature level (Kakehi, Rae, & Reed, 2008). The
asymmetrical behavior increases with temperature increase for this alloy. At 760°C, the difference
between tensile and compressive yield strengths is almost 200MPa.

Figure 6-3. Tensile/Compressive asymmetry of PWA1480 SX alloy.

The capability to perform tensile/compressive asymmetric calculations of the presented
model is studied with the data from Figure 6-3. Table 6-2 shows calculation errors for the novel
criterion, when it is utilized to predict yield strength values in compressions. Calculation error gets
to as much as 24.09% when the compressive yield strength is assumed to be equal to tensile yield
strength for this material. Using compressive terms in F, G, H and addition of I, J, K parameters
minimize the error almost by half for all three temperature levels.
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Table 6-4. Calculation errors of the yield criterion with a TCA SX alloy.
Temperature (°C)

25

400

760

Calculation Error (%)

Calculation Error (%)

Calculation Error (%)

Without TCA

9.09

13.18

24.09

With TCA

4.62

6.34

11.32

The present model is exercised using the tensile test data of GTD-111 DS alloy (Gordon,
2006). This set of data includes yield strengths of this material with [001], [011] and [010]
orientations. Orientation [011] is used to compare the calculation errors with Hill’s and Von Mises
criterions. Similar to the SX case, the calculation errors have the highest values at the lowest
temperature. This is again due to the higher level of anisotropy. Von mises criteria is failing to
predict the yield strength values for [011] oriented data, as expected. The novel model presents
slightly more accurate values than Hill’s criteria for temperatures 871°C and 650°C. For the data
at 650°C, the calculation errors are almost identical between these criterions. Simulated off-axis
yield data is plotted against the experimental data of DS GTD-111 alloy in Figure 6-4. Only the
off-axis data is utilized to make comparisons since [001] orientation values are the bases of
modeling parameters of this criterion. The coefficient of determination, 𝑅 2 , value for this
comparison is 0.9921, which shows great accuracy of the novel yield criterion across various
temperature levels built on the generic strength parameters. The reason for the 𝑅 2 value to be even
higher for the DS comparison could be the higher level of accuracy of original Hill’s criterion for
transversely isotropic materials.
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Table 6-5. Calculation errors of the yield criterion with GTD-111 DS alloy.
Temperature (°C)

871

760

650

Test Value (MPa)

556

720

662

Calculation Error (%)

Calculation Error (%)

Calculation Error (%)

Von Mises

16.89

20.26

24.62

Hill’s criterion

4.76

4.38

6.85

Present Study

3.46

4.42

4.87

Predicted Yield Strength(MPa)

1400
1200

DS
GTD111

1000
800

R² = 0.9921
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Figure 6-4. Actual vs Predicted plot for the novel yield criterion based on the data from SX
DD3 alloy.

6.3 Yield Surfaces
The yield surface is the boundary of a region in stress space in which either unloading or
reloading results in elastic strains (Phillips, 1965). A MATLAB script is created to demonstrate
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two-dimensional and three-dimensional yield surfaces by applying the novel criterion on various
conditions. The code is generated simply by indexing a for loop to run through each degree of
rotation coordinates. First incrementing by a degree about the y’ axis, ranging from -90, to 90,
which upon completion, imposes an increase of a degree about the z-axis (1,360). After rotating
to the selected spot, the code takes advantage of a 3-dimensional rotation matrix to transform the
stress from its spherical to cartesian format. Following, an initial uniaxial test value (Compressive,
or Tensile) is linearly increased, reiterating through the rotation matrices, until the criterion
determines the test has reached its yielding point. It then increases by a degree about the y’ axis
and reiterates until it has achieved all the yielding point values located in its current zy’ plane. The
code indexes by a degree about the z-axis and reiterate the prior commands. Recording of these
values is efficiently accomplished by storage within a pre-allocated matrix, allowing for use of
MATLAB’s surface plotting functions, like mesh and surf. A summary of this process is provided
in

Select a point in terms of
spherical coordinates
𝑟, 𝜃, 𝜙 .

Guess a yield stress value
𝑟 at the selected location
and begin iterating until the
selected criterion determines
yield has occurred.
(Newton-Raphson Method)

The yield point is stored in
matrix, allowing for easy
retrieval when analyzing the
virtual data.

The new magnitude of the
uniaxial test is transformed
into a state of stress, input
into a criterion, and the
criteria output noted.

Points can now be displayed
as a 3D yield surface.

Figure 6-5. Flow chart for the yield surface code.
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Two-dimensional yield surfaces are created by the MATLAB script to analyze and
compare the present model with other criterions. Quadratic Hill’48 and Drucker-Prager surfaces
are plotted with the present model in Figure 6-6 and Figure 6-7. These three yield models have
similar elliptical-like 2-D surfaces. When 𝜎1 is 0, and 𝜎3 has positive values, these plots present
[001] oriented yield data in tension. All three surfaces pass through the experimental data of DS
GTD-111 alloy at room temperature, as shown in Figure 6-6a. This accuracy is due to each
criterion has modeling parameters, which directly determined by [001] oriented yield data in
tension. When 𝜎3 is 0, and 𝜎1 has positive values, these plots present [010] oriented yield data in
tension for the DS alloys. In this region, the novel criterion has the closest intersection point to the
experimental data when compared with Hill’s and Drucker- rager’s surfaces. For the quadrants of
these plots, where the yield stresses have negative values, Hill’s surface deviates from the rest.
This is caused by the assumption of tensile-compressive symmetry for Quadratic Hill’s method.
Drucker-Prager method has the capability to simulate TCA behavior; however, it loses accuracy
at off-axis orientations since this method is built for isotropic alloys. The three yield surfaces are
plotted at a higher temperature level in Figure 6-7. In this case, the Drucker-Prager surface starts
overlapping with the present model and showing higher level of accuracy when compared with the
experimental point. The level of anisotropy of yield strength for the DS alloys decreases at higher
temperature conditions, as observed in the Chapter 2. As a consequence of this behavior, the
Drucker-Prager method can estimate the yield value with a better accuracy for the off-axis
orientations in this case.
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Figure 6-6. Two-dimensional yield surfaces are plotted with experimental data for DS
GTD-111 alloy at room temperature.
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Figure 6-7. Two-dimensional yield surfaces are plotted with experimental data for DS
GTD-111 alloy at 700°C.
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Two-dimensional yield surfaces are also created for the SX alloys using the generic yield
equations. Effect of loading temperature on the surfaces are studied in Figure 6-8.Similar to the
surfaces of generic DS alloys, the SX surfaces have elliptical shape based on the present yield
method. The surface at 700°C covers the largest area in this plot, since the yield values reach the
peak point around this temperature level for the three crystallographic orientations. The generic
behavior of these alloys presents a sharp decrease in strength levels after 800°C, as shown in Figure
6-1. This results with a much smaller yield surface at 1000°C, when compared to rest of the
temperature levels. Surfaces at the room temperature and 400°C have very similar circumferences
since the yield values do not fluctuate much at lower temperature levels.

Figure 6-8. Two-dimensional yield surfaces of generic SX alloys at various temperature
levels.
As discussed in Chapter 2, the NBSAs can have different values depending on the loading
type. This behavior is not as generic as the anisotropy effect on the yielding point, as shown in
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Figure 2-6. Therefore, the TCA effect is more alloy dependent on SX and DS alloys. The user
implements a TCA ratio to the modeling parameters to accurately predict yield surfaces. This
effect is also studied with the MATLAB script. Generic yield surfaces of SX alloys with different
TCA ratios are plotted in Figure 6-9. The TCA ratio is defined as the ratio between compressive
yield strength and tensile yield strength in this study. When the TCA ratio equals 1, the surface is
symmetric between tension and compression. Higher or lower values of this ratio change the shape
and the placement these surfaces.

Figure 6-9. Two-dimensional yield surfaces of generic SX alloys with different TCA ratio.
After discussing the two-dimensional yield surfaces of SX and DS alloys, The MATLAB
script is utilized to create three-dimensional yield surfaces of generic SX alloys, shown in Figure
6-10. The generic SX yield surface has spheroid-like shape at various temperature levels, similar
to what was presented in literature [ ]. In agreement with the two-dimensional SX surfaces, the
surface at 1000°C is much smaller than rest of the temperature levels. The surfaces at the room
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temperature and 400°C are almost identical, as expected.

Figure 6-10. Three-dimensional yield surfaces of generic SX alloys at various temperature
levels.
In order to visualize the effect of the higher level of anisotropy on yield surface shapes, the
ratio between yield strengths in [111] and [001] orientations is increased with [111] orientation
having a higher value. The spheroid like surface has changed to a shape with sharper points in the
center of each axis. This shows the model has capabilities to change the shaped of the surfaces,
depending on the level of anisotropy for the candidate alloy.
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Figure 6-11. A SX yield surface with higher level of anisotropy.
The MATLAB is also utilized to capture the yield surfaces of generic DS alloys in Figure
6-13. These surfaces are created using Equation 6-16 for generic DS yield equations. The shape of
this surface is very similar to what Ramaglia and colleagues [54] presented using Hill’s criteria.
The novel yield criterion reduces to Von Mises’ equation if yield strengths have the same value in
[001], [011] and [111] or [010] orientation, and the material exhibits tensile/compressive
symmetry. Shape of the yield surface for this isotropic condition is a perfect sphere, as shown in
Figure 6-11.

Figure 6-12. A yield surface with isotropic behavior.
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Figure 6-13. Three-dimensional yield surfaces of generic DS alloys at various temperature
levels.
Yield values and surfaces are important to develop constitutive and life prediction
modeling. This novel criterion shows very promising results with very practical modeling
parameters. Not only the anisotropy is captured with better accuracy, compared to well-established
methods, this method also shows TCA behavior. Chapter 6 explains how this method is utilized to
inform multiaxial lifing approaches.
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CHAPTER 7 LIFE PREDICTION MODELING
The focus of this chapter is to develop various life prediction approaches are well suited
for Nickel-base superalloys. Novel uniaxial stress-life, uniaxial strain-life and multiaxial life
approaches are presented, in this order. Both uniaxial stress-life and strain-life approaches are
exercised under creep-fatigue conditions. Multiaxial strain and stress life models are applied with
the assumption of isothermal and no-dwell periods.

7.1 Stress Life
While the stress-based approach to fatigue analysis of materials was the first to be
developed, it continues to endure with broad usage in a wide variety of engineering applications.
Stress-life models tend to be used for the cases with high number of cycles to failure behavior or
called high-cycle fatigue (HCF) conditions. In this work the total damage is divided into two
different modules; fatigue and creep damages. Miner’s Rule is also utilized to combine these
modules;

D = D fat + Dcr
N ( j)
t( j)
D =  ( j) +  ( j)
j Nf
j tr

(7-1)

Basquin’s Equation was proposed in 1910 (Basquin, 1910) to relate number of cycles to
failure behavior to the applied stress in a power-law relationship

 a ,cr = a ( N f )

b

(7-2)

where σ is applied stress or stress amplitude, 𝑁𝑓 is number of cycles to failure, a and b are modeling
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parameters. In order to capture the effect of mean stress on fatigue life, number of methods were
developed, such as Goodman’s, Soderberg’s, Morrow’s criterias. Gerber’s criteria was introduce
to produce a parabolic relationship with corrected applied stress and the mean stress.

(7-3)
where 𝜎𝑎 is applied stress, 𝜎𝑎,𝑐𝑟 is corrected applied stress, 𝜎𝑚 is mean stress and 𝑆𝑢𝑡 is the ultimate
tensile strength (UTS) of the material at the applied temperature level. In this work, a modified
version of Gerber’s criteria is applied to Basquin’s equation to predict the stress-life behavior of
NBSAs







a

N f = z1 
z
   3
1 −  m  
  Sut ,hkl   

z2

(7-4)

where 𝜎𝑎 is applied stress, 𝜎𝑚 is mean stress, 𝑁𝑓 is number of cycles to failure, 𝑧𝑖 𝑠 are modeling
parameters and 𝑆𝑢𝑡 is the ultimate tensile strength (UTS) of the material at the applied temperature
level and respective orientation.
A general expression for creep damage can be constructed from the Larson-Miller
parameter to explicitly calculate rupture time in terms of stress and temperature, i.e.,

LMP = T ( log tr + C ) /1000
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1000 k 

log tr = −C +
a j  log

T j =0 
Sut , RT ,hkl 







j

(7-5)

where C and a are regression constants that are used to capture rupture time where constant stress
and constant temperature data exist at various levels. A key assumption in this creep-damage
formulation is that the creep is uncoupled. Parameters for Eqs. (7-4) and (7-5) are determined
independently. Damage due to creep-fatigue interaction is, therefore, accepted as negligible.
Anisotropy is captured by ultimate tensile strength at room temperature per orientation of the
candidate alloy. Modeling parameters for the creep module are obtained by utilizing applied stress
versus rupture time data from open literature. Predicted rupture curves at various temperature
levels are compared with experimental data with different SX alloys. The rupture curves are going
through data points very accurately, as shown in Figure 7-1. Similarly, creep rupture curves are
created and compared with various DS alloy at different temperature levels (Figure 7-2).
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Figure 7-1. Predicted creep rupture curves are compared with data for SX alloys.
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Figure 7-2. Predicted Creep Rupture curves are compared with data for DS alloys.
Experimental data from open literature is used to obtain modeling parameter for the fatigue
module of this stress-life approach. Only [001] oriented data is utilized to calculate these
parameters. Table 7-1 presents values for the modeling parameter at various temperature levels.
Table 7-1 Fatigue module modeling parameters for generic SX alloy.
Temperature
(°C)
20
650
700
760
800
980
1070

z1
4.5E+21
1.10E+19
9.58E+36
8.34E+57
6.54E+30
2.13E+21
5.82E+31

z2
-6.268
-5.515
-11.426
-18.635
-9.284
-6.557
-10.142
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z3
0.803
0.716
0.671
0.643
0.607
0.587
0.5503

𝑆𝑢𝑡 (MPa)
973.15
1172.51
1186.16
1172.37
1141.66
780.06
458.37

Table 7-2 Fatigue module modeling parameters for generic DS alloy.
Temperature
(°C)
20
650
700
760
800
980
1070

z1

z2

2.93E+21
7.15E+18
6.23E+36
5.42E+57
4.25E+30
1.38E+21
3.78E+31

z3

-8.7752 0.6424
-7.721 0.5728
-15.9964 0.5368
-26.089 0.5144
-12.9976 0.4856
-9.1798 0.4696
-14.1988 0.44024

𝑆𝑢𝑡 (MPa)

992.613
1172.51
1221.745
1242.712
1221.576
842.4648
481.2885

The stress-life approach is exercised at various loading conditions and compared with
different SX alloys in this section. The lifing curve, created with modeling parameters from Table
7-1, goes through the experimental data of PWA1480 and MAR-M200 SX alloys at room
temperature very accurately, as shown in Figure 7-3.
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Figure 7-3. Predicted stress-life curve is compared with experimental data of PWA1480 and MARM200 SX at room temperature.
It is essential for an approach, that is designed for gas turbine components, to precisely
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predict the number of cycles to failure data at usage like temperature levels. Gas turbine blades
can experience temperatures up to 1200-1300°C.Figure 7-4 presents a predicted lifing curve with
experimental data of DD3SX alloy at 980°C. Similar to the room temperature case, the predicted
values are almost exactly the same with experimental data.
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Figure 7-4. Predicted stress-life curve is compared with experimental data of DD3
alloy at 980°C.
The model is also exercised with off-axis oriented data. A predicted stress-life curve is
compared with experimental data of [011] oriented CMSX-2 alloy at 760°C. Most of the data
points are laying on the predicted curve, as presented in Figure 7-5. Predicted stress-life curve is
compared with experimental data of CMSX-2 alloy at 760°C with [011[ orientation. The database
regarding stress-life for SX alloys include mostly full reversed cases; however, the mean stress
effect it an essential topic for this type of approaches. Lifing curves are created with various stress
ratio levels, ranging between -0.33 to 0.8, in Figure 7-6. The experimental data is from DD6 alloy
at 1070°C [20]. The data presents; as stress ratio increases, number of cycles to failure values
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decrease. This behavior is well captured with the stress-life method. Only the data with stress ratio,
R=0.5 presents slight inaccuracies when compared with predicted values. Same experiment data
points are utilized to create a Haigh Diagram, shown in Figure 7-7. The simulated curve of stress
amplitude vs mean stress passes through the experimental data points with different stress ratios.
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Figure 7-5. Predicted stress-life curve is compared with experimental data of CMSX-2
alloy at 760°C with [011[ orientation.
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Figure 7-6. The effect of mean stress on stress-life for SX alloys are presented with the curves.
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Figure 7-7. Haigh diagram of predicted values using the present model at 1070°C.
The fatigue damage module and creep damage module are combined using Miner’s rule to
simulate creep-fatigue lifing curves with dwell periods. The modeling curves are compared with
experimental data from Rodas and colleagues (Rodas & Neu, 2017). The experimental data and
simulated curves are presenting that the alloy CMSX-8 has a higher life with [001] orientation than
with [111] orientation at 1100°C ( Figure 7-8. Predicted stress-life curves are compared with creepfatigue experimental data of CMSX-8 alloy at 1100°C). The tensile dwell is reported as 180
seconds long. Both modeling curves with two different orientations are very close to the
experimental data points, respectively. The effect of mixed rule is visualized with Figure 7-9. At
high stress amplitude, low cycle fatigue region, the fatigue module provides the dominant damage.
With lower stress amplitude, creep module takes over as the dominant damage mode.
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Figure 7-8. Predicted stress-life curves are compared with creep-fatigue experimental data
of CMSX-8 (Rodas & Neu, 2017) alloy at 1100°C
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Figure 7-9. Predicted stress-life curves re compared with creep-fatigue experimental data
of CMSX-8 (Rodas & Neu, 2017) alloy a 950°C with 180 seconds long tensile dwell periods.
In order to understand the performance of the novel approach with the generic constants,
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actual life versus predicted life plots are created with respect to the three crystallographic
orientation. It was important to analyze the performance of the present approach with off-axis
oriented data. The figures utilized data with various SX alloys, temperature levels, applied stress
values, orientations, dwell periods and stress ratios. Most of the data points are laying on the linear
line, which is represented with solid black. Only three data points are out of the accepted region
for the [001] plot, which is marked by dashed grey lines. All the simulated points are almost on
the linear line for the off-axis plots. For predictions calculated with generic constants, not alloy
specific, the results are very promising. The present model is exercised to predict lifing curves for
the conditions that are not available with literature data. The orientation dependence of generic SX
alloy for stress-life at is simulated (Figure 7-11). As shown with literature data at different
temperature levels, the [001] oriented curve presents higher life-span when compared with the offaxis curves. Additionally, the curves for [011] and [111] orientations are almost overlapping,
similar behavior presented by the experimental data of various SX alloys. After simulating the
orientation dependence, the model is exercised to capture the temperature dependence (Figure
7-12). Since most of the data from the open sources are for [001] oriented experiments, the
temperature dependence is analyzed with [011] oriented simulated lifing curves. As expected,
there is a clear distinction between simulated curves at the room temperature and at 1000°C. Most
of the previous life prediction approaches do not have the capabilities to execute conditions with
dwell periods for anisotropic alloys. The off-axis [111] orientation is utilized to present the effect
of dwell periods on NBSAs.
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Figure 7-10. Actual life vs predicted life data points are presented under various loading
conditions with multiple different SX alloys.
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Figure 7-11. Predicted orientation dependence of generic SX alloy for the stress-life
behavior at 900°C.
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Figure 7-12. Predicted temperature dependence of generic SX alloy for the stress-life
behavior.
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Three lifing curves with 0s, 60s and 600s tensile dwell periods are simulated at 980°C in
Figure 7-13. The effect of dwell periods is also presented with a Haigh diagram (Figure 7-14). The
curves begin overlapping with the mean stress increasing, while the stress amplitude is decreasing.
Effect of the mean stress takes over the effect of dwell periods. Similar behavior is shown in Figure
7-15, with a different Haigh diagram, In this case, the orientation dependence is studied with
varying mean stress values. The curves with [001], [011] and [111] begin overlapping after certain
point with increasing mean stress.
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Figure 7-13. The effect of dwell periods on NBSAs.
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Figure 7-14. Simulated Haigh diagram with curves experiencing three different tensile
dwell periods.
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Figure 7-15. Simulated Haigh diagram with the three crystallographic orientation curves.
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7.2 Strain Life
The total strain approach is selected to cover the fatigue damage mechanism, which
combines works of Coffin, Manson, Basquin, and Haford. This method performs well for life
estimations of both low cycle fatigue (LCF) and high cycle fatigue (HCF) conditions, i.e.,
'
 mech ( f −  m )
=
(2 Ni )b +  'f (2 Ni )c
2
Ehkl

(7-6)

where the strain range is mech, the fatigue life is w Ni, the mean stress is m. In this approach, f
and c are the fatigue ductility coefficient and exponent. Also, f and b are the fatigue strength
coefficient and exponent respectively, and E is Young’s Modulus. Orientation dependence of the
candidate material is captured by placing each orientation’s elastic modulus values in equation 76.
Strain-life modeling parameters are created based on the SX [001] oriented experimental
data from the fatigue database for NBSAs. These parameters are presented in Table 7-3 for
temperature levels starting with the room temperature. These generic parameters are exercised
with various SX alloys to measure accuracy of the modeling approach, shown in Figure 7-16 and
Figure 17. Since [001] oriented data was utilized to determine modeling parameters, the off-axis
curves with [011] and [111] orientations present the predictions. The simulated lifing curves for
the off-axis orientations pass through the data points at 650°C, 760°C and 980°C. As seen with the
experimental data, simulated [111] curves have lower number of cycles to failure values compared
to [011] and [011] for all the temperature levels. After comparing results with data from the open
sources, the uniaxial strain-life approach is used to simulated experimental conditions from this
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study. The simulated lifing curves are compared with DA5161-SX alloy with [001] orientation at
temperature level T3 and with [011] orientation at T1. Since the generic modeling parameters were
created using other SX alloys, [001] strain-life curve is a prediction in Figure 7-18 and Figure
7-19. For both of the plots, the simulated curves match with experimental data from this study.
Table 7-3. Fatigue modeling constants for generic SX alloy.
RT
𝜎𝑓′ (MPa)
b

400°C
800

650°C

1017.4

1303

-0.07266 -0.06366 -0.08506

𝜀𝑓′

0.0652

0.0852 0.068199

c

-0.32088

-0.4588 -0.80705

980°C

1528.5

1617.4

-0.10095 -0.18366
0.037

0.182

-0.7382 -0.65088
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Figure 7-16. The predicted strain life curves are compared with various SX alloys data at 400°C
and 650°C.
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Figure 7-17. The predicted strain life curves are compared with various SX alloys data at 400°C
and 650°C
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Figure 7-18. The strain-life modeling results are compared with experimental data from
this study at T1.
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Figure 7-19. The strain-life modeling results are compared with experimental data from
this study at T3.
After analyzing the strain-life performance with SX NBSAs, the model is applied to DS
alloys. Since there are not as many experimental data for the DS alloys in literature, the generic
SX parameters are used as the initial modeling parameters. Initial constants were refined by an
optimization process at MATLAB by using fminsearch command with respect to [001] oriented
DS data. Strain-life modeling parameters for the generic DS alloy is provided in Table 7-4. After
determining these parameters, the model is exercised with various DS alloys. The modeling results
are compared with DS Rene-80 (Abrokwan, Ojo, & Richards, 2013) alloy at 870°C in Figure 7-20.
The lifing curves, created with the generic DS parameters, pass through the experimental data for
all the key orientations. Similar to the SX alloys, [001] orientation presents the higher number of
cycles to failure. The orientations [010] (or T) and [011] (or D) have closer values with the [011]
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plotting slightly shorter life. This strain-life approach is also utilized to simulate DS experimental
conditions from the present work. The predicted lifing curves are compared with experimental data
at temperature T1 for the three key orientations. The comparison shows great agreement with
experimental data for the orientation [001] and [010]. The simulated [111] oriented curve
underestimates the number of cycles to failure for DA5161-DS alloy under a relatively high-level
strain range condition. This behavior could be fixed simply by either using an optimization
approach or manually changing the value for parameters f and c. The fatigue ductility coefficient
and exponent determine the number of cycles to failure where the plasticity strain is present, as
explained in Chapter 2.
Table 7-4. Fatigue modeling constants for generic DS alloy.
RT
𝜎𝑓′ (MPa)

400°C

650°C

760°C

980°C

720

915.66

1172.7

1375.65

1455.66

b

-0.06539

-0.05729

-0.07655

-0.09086

-0.16529

𝜀𝑓′

0.05868

0.07668

0.061379

0.0333

0.1638

c

-0.28879

-0.41292

-0.72635

-0.66438

-0.58579
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Figure 7-20. Simulated strain-life curves are compared with DS Rene-80 alloy at 870°C.
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Figure 7-21. Simulated strain-life curves are compared with DS data from this study.
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In order to capture strain-life of creep-fatigue conditions, the CVP deformation model
(Chapter 5) is utilized. This deformation model provides the stress and temperature history of
desired conditions. The stress history is essential for the creep module of this strain-life approach.
Stress-life approaches do not require a constitutive model, since the stress history is given. After
receiving the requited data from the CVP model in ANSYS, the fatigue and creep modules are
utilized separately. Then, total life is calculated by cumulative damage approach, as explained
earlier in this chapter. A flow chart is created to summarize the process of running creep-fatigue
simulations ( Figure 7-22).

Figure 7-22. A flow chart to summarize the creep-fatigue strain-life prediction process.
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The strain-life approach is exercised for creep-fatigue loading with a SX alloy (Figure
7-23) and a DS alloy (Figure 7-24). As expected, the specimen under 60 seconds long dwell periods
present smaller number of cycles to failure. This behavior is also shown with the simulated solid
lifing curve (Figure 7-23). The experimental data agrees with the simulated values with or without
dwell periods. Fatigue-only (dashed) and creep-only (dotted) lifing curves are created to analyze
the cumulative damage approach. The fatigue module is dominant damage over the creep module
for the without dwell case, since the dashed curves is very close to the solid (total-life) curve. The
effect of the creep module is seen with the dwell periods. At high strain and low cycles to failure
region, the fatigue module still dominates the creep module, even with the dwell periods. With
very low cycles to failure values, there is not enough time for creep to initialize. However; the plot
shows that the creep module only curves passes the fatigue module right before 1000 cycles.
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Figure 7-23. Creep-fatigue lifing curves are compared with experimental data of SX DD6 (Yu, Li,
& Wu, 2012).
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Similar results are presented with DS GTD 111 at 871°C under 120 seconds long dwell periods.
In this case, creep-fatigue lifing data of [010] orientation is compared with the [001] orientation.
The [010] or T orientation shows lower number of cycles to failure under this condition. This was
also seen with the no-dwell conditions earlier. Both of the simulated curves are going through the
data accurately.
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Figure 7-24. Creep-fatigue lifing curves are compared with experimental data of DS GTD-111 (Rodas &
Neu, 2017).

7.3 Multiaxial Life
Most researchers have employed effective stresses or strains in place of the uniaxial
stresses and strains applied in the methods presented in the earlier sections. Equivalent stress
approaches are extensions of the static yield criterion. For example, researchers Chen and Ding
has applied effective stress and effective strain terms to their regression-based approach to simulate
life of DD3 SX alloy under axial-torsional loading (Chen & Ding, 2007). In order to capture
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effective stress and strain terms, they used Quadratic Hill’s yield criterion. Similarly, Dong and
colleagues (Dong, Yu, Li, Yang, & Shi, 2014) modified Mucke’s model to simulate anisotropic
multiaxial life by applying an effective strain term. These approaches were applied to very limited
cases and with the assumption of tensile/compressive symmetry. In this study, the uniaxial strainlife (Section 7.2) and stress-life (Section 7.1) approaches are extended with applying effective
strain and effective stress terms from the novel yield criterion (Chapter 6).
First the novel yield equation (Eq. 6-9) is multiplied with the yield strength value in [001]
orientation to create the effective stress equation for orthotopic materials;
2
2
2
𝐹(𝜎22− 𝜎33 )2 + 𝐺(𝜎33− 𝜎11 )2 + 𝐻(𝜎11− 𝜎22 )2 + 2𝐿𝜎23
+ 2𝑀𝜎31
+ 2𝑁𝜎12
+
𝑇
√
𝜎𝑒𝑓𝑓 = 𝜎0.2%
𝑌𝑆[001]
2 (2𝜎
2
2
2
2
2
𝐶[𝜎23
11 − 𝜎22 − 𝜎33 ) + 𝜎31 (2𝜎22 − 𝜎11 − 𝜎33 ) + 𝜎12 (2𝜎33 − 𝜎11 − 𝜎22 ) ]

+ 𝐼𝜎11 + 𝐽𝜎22 + 𝐾𝜎33

(7-7)
With applying the single crystal theory, Equation 7-7 take the form of;
𝜎𝑒𝑓𝑓

𝐹[(𝜎22− 𝜎33 )2 + (𝜎33− 𝜎11 )2 + (𝜎11− 𝜎22 )2 ] + L(2𝜎223 + 2𝜎231 + 2𝜎212 ) +

𝑆𝑋

𝑇
= 𝜎0.2%
𝑌𝑆[001] √

𝐶[𝜎223 (2𝜎11 − 𝜎22 − 𝜎33 )2 + 𝜎231 (2𝜎22 − 𝜎11 − 𝜎33 )2 + 𝜎212 (2𝜎33 − 𝜎11 − 𝜎22 )2 ]
+𝐼(𝜎11 + 𝜎22 + 𝜎33 )
(7-8)

for the cubic SX alloys. As explained in Chapter 6, total number of modeling parameters are
reduced from 10 to 4. For the transversely isotropic DS alloys, the general effective stress equation
becomes
𝐹(𝜎22− 𝜎33 )2 + 𝐹(𝜎33− 𝜎11 )2 + 𝐻(𝜎11− 𝜎22 )2 + 2𝐿𝜎223 + 2𝐿𝜎231 + 2𝑁𝜎212 +

𝑇
𝜎𝑒𝑓𝑓 𝐷𝑆 = 𝜎0.2%
𝑌𝑆[001] √

𝐶[𝜎223 (2𝜎11 − 𝜎22 − 𝜎33 )2 + 𝜎231 (2𝜎22 − 𝜎11 − 𝜎33 )2 + 𝜎212 (2𝜎33 − 𝜎11 − 𝜎22 )2 ]
+𝐼𝜎11 + 𝐼𝜎22 + 𝐾𝜎33
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(7-9)
with total number of modeling parameters are reduced from 10 to 7.
In order to calculate effective strain from the novel yield criterion, Hooke’s law
𝜎𝑒𝑓𝑓 = 𝐸𝜀𝑒𝑓𝑓

(7-10)

is applied to the effective stress equations for the SX and DS alloys. With using Equations 7-8 and
7-10, the effective strain for the SX alloys is determined by

(7-11)
where E is Young’s Modulus, μ is Shear Modulus and ν is the oisson’s ratio. The effective strain
calculation is not as fundamental for the DS alloys, since certain material properties do not have
identical values. In this study, the effective strain values for the DS alloys are calculated using
compliances and stiffness relationship with using MATLAB. The inverse of stiffness matrix

(7-12)
is calculated by MATLAB and multiplied with the effective stress equation for DS alloys
(Equation 7-11).
After determining the methods to capture effective stress and effective strain values, the
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uniaxial strain life equation (Eq. 7-6) is extended to capture multiaxial fatigue behavior. The
uniaxial total strain range term is simply replaced by total effective strain range in Equation 7-6.
The multiaxial strain life equation becomes
𝛥𝜀𝑒𝑓𝑓 (𝜎𝑓′ − 𝜎𝑚 )
(2𝑁𝑖 )𝑏 + 𝜀𝑓′ (2𝑁𝑖 )𝑐
=
2
𝐸[001]

(7-13)

where 𝛥𝜀𝑒𝑓𝑓 is total effective strain range. The uniaxial strain life approach captured the orientation
dependence with changing E, Young’s Modulus in Equation 7-6. For the multiaxial life approach,
this is not needed, since the orientation dependence of these alloys are included in the effective
strange calculations. Therefore; E, Young’s Modulus is not orientation dependent in Equation 713 and [001] oriented values are utilized. The main purpose of modifying the uniaxial life
equations is to be able to utilize uniaxial modeling parameters to capture multiaxial fatigue
behavior. There are not enough multiaxial life data on NBSAs to determine new modeling
parameters since these experiments are complex and very costly. All the parameters in this section
are used from respective tables in Section 7.1 and Section 7.2.
The novel multiaxial strain-life equation is exercised with experimental data from the
multiaxial fatigue papers, shown in Table 2-2,Yu and colleagues performed axial-torsional
experiments on CMSX-4 alloy at 650°C. Half of these experiments were with only normal strain
loading and rest with both normal and shear strain. The predicted multiaxial life data with
experimental data from this paper are presented in Table 7-5. When compared with the
experimental data for CMSX-4, the new multiaxial strain-life approach presents accurate results,
as shown in an actual versus predicted plot (Figure 7-25). All the data points are in the dedicated
x2 region, marked with dashed lines. Kanda and colleagues also conducted axial-torsional strain
controlled experiments for an SX alloy (Kanda, Sakane, & Ohnami, 1997). The comparison of
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predicted life values and experimental data for CMSX-2 at 900°C is presented in Figure 7-26. All
the predicted values are in the region x2 for this comparison as well with one data point on the
dashed line.
Table 7-5. Multiaxial modeling results with experimental data for CMSX-4 [ ] alloy.

∆𝜀(%)
1.4855
1.1035
0.853
0.5975
0.5
0.4305
0.408
0.546
0.54
0.536
0.427

Experimental
Life
85
223
475
1743
8097
17633
1544
458
338
161
1108

∆𝛾(%)
0
0
0
0
0
0
0.592
0.884
0.896
0.945
0.633

Predicted
Life
76
181
446
2390
7851
28550
1442
310
305
270
1077
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Figure 7-25. Comparison of predicted life data with experimental data for CMSX-4 alloy.
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Figure 7-26. Comparison of predicted life data with experimental data for CMSX-2 alloy.

After reviewing the performance of the novel multiaxial strain approach, the model is
exercised with a biaxial type loading. Matsuda and colleagues performed biaxial LCF experiments
on YH61SX alloy at 900°C. They designed a cruciform-like specimen in order to apply strain
controlled loading in both axis. In order to reduce amount of the candidate material utilized to
construct these specimens, they forged the arm area with a different, less costly, NBSA (Figure
7-27). The predicted life data is compared with the biaxial experimental data on YH61SX in Figure
7-28. Only one data point is out of the region x2 for this comparison, which shows good level
accuracy of the novel approach for this biaxial type loading.
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Figure 7-27. The cruciform specimen used by Matsuda and colleagues.
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Figure 7-28. Comparison of predicted life data with biaxial experimental data for YH61SX
[ ]alloy.
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The novel multiaxial strain life equation is also applied to DS materials. Only paper on DS
alloy was published by Shirafuji and colleagues in 1998. They conducted axial-torsional strain
loading on MAR-M247 at 900°C. The experimental life points with predicted values are presented
in Table 7-6. Most of the experiments were conducted with both axial and torsional strain active.
Four data experiments were designated for only torsional loading. When the predicted life data is
compared with experimental data for MAR-M247 DS alloy, only four data points were out of the
x2 region. These data points are originated from only torsional loading conditions. Since this new
multiaxial approach is built on uniaxial modeling parameters, the accuracy is decreasing for only
torsional loading conditions. Shirafuji and colleagues also obtained multiaxial stress response from
the axial-torsional experiments. Since there isn’t multiaxial stress-controlled data on NBSAs,
results from Shirafuji are utilized to compare the novel multiaxial stress life approach.
Table 7-6. Multiaxial modeling results with experimental data for MAR-247 alloy.
Normal
Shear
Strain Range Strain Range
(%)
(%)
0.73
0
1.13
0
1.52
0
0.72
0.31
1.07
0.43
0.56
0.55
0.83
0.8
1.13
1.11
0.25
0.53
0.29
0.71
0.41
0.53
0
0.6
0
0.8
0
1.11
0
1.44

Experimental
Strain Life
18100
1024
131
13800
660
6231
1150
424
73800
3600
1500
180500
16650
914
650
155

Predicted
Strain Life
1.32E+04
9.61E+02
2.36E+02
9.72E+03
9.94E+02
1.34E+04
1.41E+03
2.98E+02
1.31E+05
4.63E+03
3.84E+03
2.04E+05
3.89E+04
6.75E+03
8.13E+02

1.00E+06

1.00E+05

R = -1
Actual Life

1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00
1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E+05

1.00E+06

Predicted Life

Figure 7-29. Comparison of predicted life data with experimental data for MAR-M247 alloy.
The uniaxial stress life approach (Equation 7-4) is modified by replacing the applied stress
and mean stress terms with effective terms. The version of this equation for multiaxial loading is
𝑧2

𝑁𝑓𝑎𝑡𝑖𝑔𝑢𝑒 = 𝑧1

𝜎𝑎𝑒𝑓𝑓
𝜎𝑚𝑒𝑓𝑓 𝑧3
1−(
𝑆𝑈𝑇[001] ) ]
[

(7-14)

where 𝜎𝑎 𝑒𝑓𝑓 is applied effective stress and 𝜎𝑚 𝑒𝑓𝑓 is effective mean stress. Similar to the multiaxial
strain approach, all the modeling parameters are gathered from the uniaxial life modeling. The
uniaxial stress life approach captured the orientation dependence with changing 𝑆𝑈𝑇 , ultimate
tensile strength in Equation 7-4. For the multiaxial life approach, this is not needed, since the
orientation dependence of these alloys are included in the effective strange calculations. Therefore,

𝑆𝑈𝑇 , ultimate tensile strength is not orientation dependent in Equation 7-14 and [001] oriented
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values are utilized. The experimental stress-life points with predicted values are presented in Table
7-7. Data with only torsional loading present slight inaccuracies when the simulated results are
compared with experimental from Shirafuji and colleagues (Shirafuji, Shimomizuki, Sakane, &
Ohnami, 1998) (Figure 7-30). Similar to the multiaxial strain life, this inaccuracy is due to
modeling parameters to be determined by normal stress type loading. Rest of the data points are
matching well with axial-torsional experimental results.
Table 7-7. Multiaxial modeling results with experimental data for MAR-247 alloy.
Normal
Shear
Stress Range Stress Range
Experimental
Predicted
(MPa)
(MPa)
Stress-Life
Stress-Life
664
0
18100
2.11E+04
1030
0
1024
1.48E+03
1299
0
131
3.63E+02
643
233
13800
1.04E+04
907
545
660
4.25E+02
453
494
6231
3.71E+03
779
594
1150
4.87E+02
860
783
424
1.04E+02
191
372
73800
2.83E+04
238
651
3600
1.10E+03
402
609
1500
1.21E+03
0
895
914
8.55E+02
0
771
650
4.60E+02
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Figure 7-30. Comparison of predicted stress-life data with experimental data for MAR-M247
alloy.
Multiaxial strain-lifing curves are created for the SX and DS alloys (Figure 7-31 and Figure
7-32). The experimental data. for CMSX4 at 650°C, shows the uniaxial loading has the longest
life. This behavior is also seen with the simulated uniaxial lifing curve. The multiaxial condition,
axial-shear loading, presents the shortest life values. The simulated curve for axial-shear loading
goes through the experimental data values. The pure-shear simulate curve stays between uniaxial
and axial-shear data. There was not any pure-shear data for this. These three loading types are
simulated at 760°C using the parameters from the uniaxial strain-life approach. The simulated
curves are showing similar behavior at this higher temperature level. The experimental data for
CMSX2 at 900°C is also utilized to assess the accuracy of the simulated multiaxial lifing curves.
Both uniaxial and axial-shear simulated cases are showing great agreement with the data; however,
the model slightly overestimating the life under the pure-shear loading for this material.
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Figure 7-31. Axial-torsional prediction SX results presented with effective strain range.
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Only one study was available in literature for the DS alloys under multiaxial low-cycle
fatigue loading. The lifing curves are developed with respect to effective strain for DS MAR-M247
alloy at 900°C. Similar to the SX axial-shear behavior, the experimental data presents the highest
number of cycles to failure values for the uniaxial case. This is also shown with the novel approach.
Axial-shear is again the most damaging type of loading in this comparison, and the pure shear
values are in between, while standing closer to the uniaxial data.
1.8
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Figure 7-32. Axial-torsional prediction SX results presented with effective strain range.
The overall performance of these novel multiaxial approaches is very promising, when
compared with the limited experimental data. Even with utilizing only uniaxial lifing parameters,
most of the simulated values are in the range of x2 with the data from other studies.
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CHAPTER 8 CONCLUSION
Nickel-base superalloys (NBSAs) are a group of materials that are extensively used in hightemperature applications such as aero and industrial gas turbine applications. NBSAs can endure
high temperatures and stresses for extended periods, they also exhibit excellent fatigue life and
corrosion-resistant properties. These materials are mainly used to develop components such as
turbine blades, combustors and disks, and vanes. Single crystal (SX) superalloys were developed
in the 1980s to achieve high fatigue resistance and substantial creep rupture strength by eliminating
grain boundaries. Directional solidification methods enabled the solidification arrangement of the
materials to be comprised of columnar grains which are aligned parallel to the <001> direction.
Each new alloy goes through a characterization process. The main objective of this study was to
provide a framework that when newer variations of SX and DS alloys are developed, engineers
can piggyback on presented models.
Most of the papers on NBSAs focus on a certain candidate alloy. A study on general
behavior of NBSAs was missing in literature. Comprehensive databases were created for elastic,
strength, creep and fatigue behavior of SX and DS alloys using available data from previous
studies. Not only these databases supported the presented models, also created a place that
engineers can locate all the experimental data that is available on NBSAs in one study. Tensile and
low-cycle fatigue experiments were conducted on DA-5161 SX and DA-5161 DS alloys. The
generic behavior of various alloys are compared with this candidate NBSA.
To support the design process constitutive models are required to model deformation
behavior for to obtain accurate life estimates. The purpose of implementing a constitutive model
for this work is to establish if generic material properties can produce accurate deformation
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behavior of SX and DS Ni-base superalloys. Additionally, deformation behavior is needed to be
supplied to the life prediction approaches. Various constitutive models have been developed to
describe the elastic and inelastic behavior of a material. Existed constitutive models for SX and
DS alloys were developed for limited temperature levels and orientations.. Uncoupled plasticity,
Chaboche-type viscoplasticity, and crystal-viscoplasticity were applied to a generic SX-NBSA
under tensile, LCF, TMF, creep-fatigue, and creep-TMF loading conditions. The uncoupled creep
plasticity model showed similar results to the Chaboche model for the [001] orientation. A major
limitation of this model was its inability to simulate the anisotropy of the SX NBA, however, this
uncoupled creep plasticity is the least complex and least computational expensive model out of the
three considered models. The Chaboche model demonstrated a very good correlation with the
tensile response. This model produced excellent results for [001] and [011] orientations; however,
it lacked accuracy for [111] behavior under TMF loading where the Chaboche model deviated
from the expected behavior. In comparison, to the above-mentioned models, the CVP model
simulated the material response more accurately. The CVP model was utilized to compare
predicted hysteresis-loops with experimental data from this study.
Yield and failure criterions have been utilized to support constitutive and life modeling for
many decades. A method that describes anisotropy of NBSAs accurately with tensile/compressive
asymmetrical behavior was missing in literature. A novel yield criterion was presented in this
paper. This method extended the works of Liu and Ding. Additional terms were added to the
original Hill’s equation to increase the accuracy of yield calculations for loading conditions that
have coupling effect of normal and shear stresses. In order to capture tensile/compressive
asymmetrical behavior of Nickel-base super alloys, compressive strength values were included in
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the Hill’s parameters. This method was compared with well accepted yield criterions utilizing data
from previous studies. The comparison showed a more accurate way to predict yield behavior for
SX and DS alloys relative to methods currently available. Three-dimensional plots were created
with a MATLAB script to visualize the yield surfaces of SX and DS alloys.
A variety of approaches have been developed to predict fatigue life of materials and
structures under complex conditions. It is important to accurately predict life-span of a component
experiencing fatigue damage or unexpected structural failures could occur. Most of the life
prediction models are built with the assumption of isotropic material behavior. Approaches that
require minimal amount of experimental data and present variety of loading conditions with
anisotropy were needed. A highly accurate approach for stress life prediction of alloys was
presented. The method was modeled for alloys under complex loading conditions; however, it was
tuned to simplistic experiments. This approach utilized cumulative damage with modules that are
related to fatigue cracking and creep rupture. The predicted stress life values, by using generic
material constants, were compared with experimental values at different temperature levels, with
off-axis oriented specimens and with various applied stress ratios. Additionally, the modeling
results were compared with experimental data points where dwell periods exist. Similar to the
novel stress-life, a cumulated damage driven strain-life was developed in this study. A modified
version of this authors’ strain-life equation was applied to generic SX and DS NBSAs. The
predicted results were compared well with the data from open sources and from this study.
Multiaxial states of stress and strain are very common in engineered parts. Components
such as crankshafts, pressure vessels, welded joints, heavy construction equipment, and the like
experience external loads in multiple axes. Multiaxial life prediction approaches for anisotropic
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material behavior was close to non-exist for NBSAs. In this study, the uniaxial strain-life and
stress-life approaches were extended with applying effective strain and effective stress terms from
the novel yield criterion. The presented models were compared with existing axial-torsional and
biaxial experimental data. The comparisons showed very promising results while using uniaxial
driven modeling parameters.
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APPENDIX A: EXPERIMENTAL DATA
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A.1

Images of Fractured Samples from the Tensile Tests

Sample ID: 010-DS-6
Material Type, Test Conditions, and Results:
Metal Type

Orientation

DS

[0 1 0]

Temperature (°F) Strain Rate (1/s) Fracture Length Deviation (mm)
1652

0.01

0.7570

f eR

g

90.5867

Figure A- 1. 010-DS-6 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 2. Optical image of 010-DS-6 taken with the Keyence microscope.
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Figure A- 3. Microscopic optical image of 010-DS-6 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.

Stress

Figure A- 4. Topographical rendering of the surface of 010-DS-6 made with the Keyence software.
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Figure A- 5. Tensile stress-strain plot of 010-DS6 specimen
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Sample ID: 010-DS-7
Material Type, Test Conditions, and Results:
Metal Type

Orientation

DS

[0 1 0]

Temperature (°F) Strain Rate (1/s) Fracture Length Deviation (mm)
1742
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f eR

g
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Figure A- 6. 010-DS-7 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 7. Optical image of 010-DS-7 taken with the Keyence microscope.
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Figure A- 8. Microscopic optical image of 010-DS-7 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.

Stress

Figure A- 9. Topographical rendering of the surface of 010-DS-7 made with the Keyence software.
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Figure A- 10. Tensile stress-strain plot of 010-DS7 specimen.
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ID: 010-DS-8
Material Type, Test Conditions, and Results:
Metal Type

Orientation

DS
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Figure A- 11. 010-DS-8 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 12. Optical image of 010-DS-8 taken with the Keyence microscope.
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Figure A- 13. Microscopic optical image of 010-DS-8 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 14. Topographical rendering of the surface of 010-DS-8 made with the Keyence software.
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Figure A- 15. Tensile stress-strain plot of 010-DS8 specimen.
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Sample ID: 011-DS-5
Material Type, Test Conditions, and Results:
Metal Type

Orientation
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Figure A- 16. 011-DS-5 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 17. Optical image of 011-DS-5 taken with the Keyence microscope.
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Figure A- 18. Microscopic optical image of 011-DS-5 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 19, Topographical rendering of the surface of 011-DS-5 made with the Keyence software.
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Figure A- 20. Tensile stress-strain plot of 011-DS5 specimen.
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Sample ID: 011-DS-6
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 21. 011-DS-6 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 22. Optical image of 011-DS-6 taken with the Keyence microscope.
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Figure A- 23. Microscopic optical image of 011-DS-6 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 24. Topographical rendering of the surface of 011-DS-6 made with the Keyence software.
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Figure A- 25. Tensile stress-strain plot of 011-DS6 specimen.
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Sample ID: 011-DS-7

Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 26. 011-DS-7 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 27. Optical image of 011-DS-7 taken with the Keyence microscope.
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Figure A- 28. Microscopic optical image of 011-DS-7 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.

Figure A- 29. Topographical rendering of the surface of 011-DS-7 made with the Keyence software.
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Sample ID: 011-DS-8
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 30. 011-DS-8 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 31. Optical image of 011-DS-8 taken with the Keyence microscope.
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Figure A- 32. Microscopic optical image of 011-DS-8 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 33. Topographical rendering of the surface of 011-DS-8 made with the Keyence software.

0.000E+00

2.000E-01

4.000E-01

6.000E-01

8.000E-01

1.000E+00

Strain(Normalized)

Figure A- 34. Tensile stress-strain plot of 011-DS8 specimen.

179

Sample ID: 011-SX-6
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 35. 011-SX-6 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 36. Optical image of 011-SX-6 taken with the Keyence microscope.

180

e

μ

Figure A- 37. Microscopic optical image of 011-SX-6 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 38. Topographical rendering of the surface of 011-SX-6 made with the Keyence software.
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Figure A- 39. Tensile stress-strain plot of 011-SX6 specimen.
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Sample ID: 011-SX-7
Material Type, Test Conditions, and Results:
Metal Type

Orientation
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Figure A- 40. 011-SX-7 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 41. Optical image of 011-SX-7 taken with the Keyence microscope.

182

e

μ

Figure A- 42. Microscopic optical image of 011-SX-7 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.

Stress

Figure A- 43. Topographical rendering of the surface of 011-SX-7 made with the Keyence software.
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Figure A- 44. Tensile stress-strain plot of 011-SX7 specimen.
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Sample ID: 011-SX-8
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 45. 011-SX-8 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 46. Optical image of 011-SX-8 taken with the Keyence microscope.
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Figure A- 47. Microscopic optical image of 011-SX-8 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 48. Topographical rendering of the surface of 011-SX-8 made with the Keyence software.
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Figure A- 49. Tensile stress-strain plot of 011-SX8 specimen.
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Sample ID: 011-SX-9

Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 50. 011-SX-9 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 51. Optical image of 011-SX-9 taken with the Keyence microscope.
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Figure A- 52. Microscopic optical image of 011-SX-9 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 53. Topographical rendering of the surface of 011-SX-9 made with the Keyence software.
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Figure A- 54. Tensile stress-strain plot of 011-SX9 specimen.
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Sample ID: 111-SX-3
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 55. 111-SX-3 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 56. Optical image of 111-SX-3 taken with the Keyence microscope.
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Figure A- 57. Microscopic optical image of 111-SX-3 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 58. Topographical rendering of the surface of 111-SX-3 made with the Keyence software.
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Figure A- 59. Tensile stress-strain plot of 111-SX3 specimen.
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Sample ID: 111-SX-4
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 60. 111-SX-4 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 61. Optical image of 111-SX-4 taken with the Keyence microscope.
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Figure A- 62. Microscopic optical image of 111-SX-4 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 63. Topographical rendering of the surface of 111-SX-4 made with the Keyence software.
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Figure A- 64. Tensile stress-strain plot of 111-SX4 specimen.

191

1

Sample ID: 111-SX-5
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 65. 111-SX-5 imaged with the Dino-Lite microscope (surface and profile views respectively).

Figure A- 66. Optical image of 111-SX-5 taken with the Keyence microscope.
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Figure A- 67. Microscopic optical image of 111-SX-5 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 68. Topographical rendering of the surface of 111-SX-5 made with the Keyence software.
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Figure A- 69. Tensile stress-strain plot of 111-SX5 specimen.
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Images of Fractured Samples from the LCF Tests

Sample ID: 001-DS-2
Material Type, Test Conditions, and Results:
Metal Type

Orientation

Temperature (°F)
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Figure A- 70. Sample 001-DS-2 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 71. Optical image of 001-DS-2 taken with the Keyence microscope.
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Figure A- 72. Microscopic optical image of 001-DS-2 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 73. Topographical rendering of the surface of 001-DS-2 made with the Keyence software.
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Figure A- 74. Stabilized hysteresis loop of 001-DS2 specimen.
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Sample ID: 001-DS-3
Material Type, Test Conditions, and Results:
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Temperature (°F)
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Figure A- 75. Sample 001-DS-3 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 76. Optical image of 001-DS-3 taken with the Keyence microscope.
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Figure A- 77. Microscopic optical image of 001-DS-3 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 78.Topographical rendering of the surface of 001-DS-3 made with the Keyence software.
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Figure A- 79. Stabilized hysteresis loop of 001-DS3 specimen.
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Sample ID: 001-DS-4
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 80. Profile view of sample 001-DS-4 imaged with Dino-Lite microscope.

Figure A- 81. Optical image of 001-DS-4 taken with the Keyence microscope.
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Figure A- 82. Microscopic optical image of 001-DS-4 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 83. Topographical rendering of the surface of 001-DS-4 made with the Keyence software.
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Figure A- 84. Stabilized hysteresis loop of 001-DS4 specimen.
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Sample ID: 001-DS-5
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 85. Sample 001-DS-5 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 86. Optical image of 001-DS-5 taken with the Keyence microscope.
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Figure A- 87. Microscopic optical image of 001-DS-5 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 88. Topographical rendering of the surface of 001-DS-5 made with the Keyence software.
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Figure A- 89. Stabilized hysteresis loop of 001-DS5 specimen.
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Sample ID: 010-DS-1
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 90. Profile view of sample 010-DS-1 imaged with Dino-Lite microscope.

Figure A- 91. Optical image of 010-DS-1 taken with the Keyence microscope.
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Figure A- 92. Microscopic optical image of 010-DS-1 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.

Stress

Figure A- 93. Topographical rendering of the surface of 010-DS-1 made with the Keyence software.
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Figure A- 94. Stabilized hysteresis loop of 010-DS1 specimen.
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Sample ID: 010-DS-2
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 95. Profile view of sample 010-DS-2 imaged with Dino-Lite microscope.

Figure A- 96 Optical image of 010-DS-2 taken with the Keyence microscope.
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Figure A- 97. Microscopic optical image of 010-DS-2 taken with Keyence microscope. The second image
shows the microscopic image with a topographical color scheme.
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Figure A- 98. Topographical rendering of the surface of 010-DS-2 made with the Keyence software.
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Figure A- 99. Stabilized hysteresis loop of 010-DS2 specimen.
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Sample ID: 010-DS-3
Material Type, Test Conditions, and Results:
Metal Type
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Figure A- 100. Profile view of sample 010-DS-3 imaged with Dino-Lite microscope.

Figure A- 101. Optical image of 010-DS-3 taken with the Keyence microscope.
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Figure A- 102. Microscopic optical image of 010-DS-3 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 103. Topographical rendering of the surface of 010-DS-3 made with the Keyence software.
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Figure A- 104. Stabilized hysteresis loop of 010-DS3 specimen.
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Sample ID: 010-DS-4
Material Type, Test Conditions, and Results:
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Figure A- 105. Profile view of sample 010-DS-4 imaged with Dino-Lite microscope.

Figure A- 106. Optical image of 010-DS-4 taken with the Keyence microscope.
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Figure A- 107. Microscopic optical image of 010-DS-4 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 108. Topographical rendering of the surface of 010-DS-4 made with the Keyence software.
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Figure A- 109. Stabilized hysteresis loop of 010-DS4 specimen.
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Sample ID: 011-DS-1
Material Type, Test Conditions, and Results:
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Figure A- 110. Sample 011-DS-1 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 111. Optical image of 011-DS-1 taken with the Keyence microscope.
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Figure A- 112. Microscopic optical image of 011-DS-1 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 113. Topographical rendering of the surface of 011-DS-1 made with the Keyence software.
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Figure A- 114. Stabilized hysteresis loop of 011-DS1 specimen.
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Sample ID: 011-DS-2
Material Type, Test Conditions, and Results:
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Figure A- 115. Profile view of sample 011-DS-2 imaged with Dino-Lite microscope.
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Figure A- 116 Optical image of 011-DS-2 taken with the Keyence microscope.
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Figure A- 117. Microscopic optical image of 011-DS-2 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.

Figure A- 118. Topographical rendering of the surface of 011-DS-2 made with the Keyence software.
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Material Type, Test Conditions, and Results:
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Figure A- 119. Sample 001-SX-1 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 120. Optical image of 001-SX-1 taken with the Keyence microscope.
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Figure A- 121. Microscopic optical image of 001-SX-1 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 122. Topographical rendering of the surface of 001-SX-1 made with the Keyence software.
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Figure A- 123. Stabilized hysteresis loop of 001-SX1 specimen.
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Sample ID: 001-SX-2
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Figure A- 124. Sample 001-SX-2 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 125. Optical image of 001-SX-2 taken with the Keyence microscope.
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Figure A- 126. Microscopic optical image of 001-SX-2 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 127. Topographical rendering of the surface of 001-SX-2 made with the Keyence software.
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Figure A- 128. Stabilized hysteresis loop of 001-SX2 specimen.
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Sample ID: 001-SX-3
Material Type, Test Conditions, and Results:
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Figure A- 129. Sample 001-SX-3 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 130. Optical image of 001-SX-3 taken with the Keyence microscope.
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Figure A- 131. Microscopic optical image of 001-SX-3 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.

TStress

Figure A- 132. Topographical rendering of the surface of 001-SX-3 made with the Keyence software.
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Figure A- 133. Stabilized hysteresis loop of 001-SX3 specimen.
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Sample ID: 001-SX-4
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Figure A- 134. Sample 001-SX-4 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 135. Optical image of 001-SX-4 taken with the Keyence microscope.
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Figure A- 136. Microscopic optical image of 001-SX-4 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 137. Topographical rendering of the surface of 001-SX-4 made with the Keyence software.
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Figure A- 138. Stabilized hysteresis loop of 001-SX4 specimen.
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Sample ID: 011-SX-1
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Figure A- 139. Sample 011-SX-1 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 140. Optical image of 011-SX-1 taken with the Keyence microscope.
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Figure A- 141. Microscopic optical image of 011-SX-1 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 142. Topographical rendering of the surface of 011-SX-1 made with the Keyence software.
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Figure A- 143. Stabilized hysteresis loop of 011-SX1 specimen.
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Sample ID: 011-SX-2
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Figure A- 144. Sample 011-SX-2 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 145. Optical image of 011-SX-2 taken with the Keyence microscope.
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Figure A- 146. Microscopic optical image of 011-SX-2 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 147.Topographical rendering of the surface of 011-SX-2 made with the Keyence software.
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Figure A- 148. Stabilized hysteresis loop of 011-SX2 specimen.
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Figure A- 149. Sample 011-SX-3 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 150. Optical image of 011-SX-3 taken with the Keyence microscope.
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Figure A- 151. Microscopic optical image of 011-SX-3 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 152.Topographical rendering of the surface of 011-SX-3 made with the Keyence software.
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Figure A- 153. Stabilized hysteresis loop of 011-SX3 specimen.
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Figure A- 154. Sample 011-SX-4 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 155. Optical image of 011-SX-4 taken with the Keyence microscope.
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Figure A- 156. Microscopic optical image of 011-SX-4 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.
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Figure A- 157. Topographical rendering of the surface of 011-SX-4 made with the Keyence software.
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Figure A- 158. Stabilized hysteresis loop of 011-SX4 specimen.
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Figure A- 159. Sample 011-SX-5 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 160. Optical image of 011-SX-5 taken with the Keyence microscope.
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79.7967

Figure A- 161. Microscopic optical image of 011-SX-5 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.

.

Stress

Figure A- 162, Topographical rendering of the surface of 011-SX-5 made with the Keyence software.
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Figure A- 163. Stabilized hysteresis loop of 011-SX5 specimen.

231

2

Sample ID: 111-SX-1
Material Type, Test Conditions, and Results:
Metal Type

Orientation

Temperature (°F)

Strain Range
(in/in)

Isothermal
Strain Rate
(1/s)

Fracture Length
Deviation (mm)

SX

[0 1 1]

1292

0.018

0.01

0.0000

R

Figure A- 164. Sample 111-SX-1 imaged with Dino-Lite microscope (surface and profile views
respectively).

Figure A- 165. Optical image of 111-SX-1 taken with the Keyence microscope.
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Figure A- 166. Microscopic optical image of 111-SX-1 taken with Keyence microscope. The second
image shows the microscopic image with a topographical color scheme.

Stress

Figure A- 167. Topographical rendering of the surface of 111-SX-1 made with the Keyence software.
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Figure A- 168. Stabilized hysteresis loop of 111-SX1 specimen.
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APPENDIX B: CODES
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B.1 Uncoupled Creep-Plasticity Example Code
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! ANSYS Finite Element Modeling (FEM) Simulation of Fatigue
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Author: Various (Irmak, Bouchenot, Keller, Mutter)
! ver. 24
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Finish
/Clear
/Prep7
Cl='Cl1' ! Class: 1-Single Element Parametric Simulation
St='St1' ! Study: 1-Isothermal Fatigue in L-orientation
Ph='Ph1a' ! Phase: 1a
!
Strain Rate: 0.01s^-1 or 0.01/300S^-1
!
Temperatures: 20 to 1050C
!
Strain Ranges: 0% to 3% (by 0.1%)
!
M Ratio: -1,0,or 1 (Note: M = A^-1)
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Description: A Solid185 Element is subjected to strain-controlled
! fatigue in units of (m, N, MPa). Results are collected in a text file
! for later post-processing.
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
/inquire, numtes,lines,testconditions,csv
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Parametric File Setup
!
! Thermal Cycling
isotherm=1.0
! 0=Yes, 1=No
SINGLEHOLD=1
! 0=two holds (normal), 1= single hold at the max
temperature
firstholdon=0
! Different first hold than rest of cycles
holdnumber_ini=1
! For use when singlehold=1
holdnumber_inc=2 ! 1=0hr, 2=2/60hr, 3=20hr
holdnumber_fin=1
!tmt_ini=100.0
!100 ! Initial Min temperature [degrees C]
!tmt_inc=850.0
! Increment Min temperature [degrees C]
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!tmt_fin=950.0
! Final Min temperature [degrees C]
!tmc_ini=100.0
!100 ! Initial Max temperature [degrees C]
!tmc_inc=850.0
! Increment Max temperature [degrees C]
!tmc_fin=950.0 !1050.0
! Final Max temperature [degrees C]
!
! Mechanical Cycling
!sr_ini=0.002 !0.001 ! Initial Strain range [mm/mm]
!sr_inc=0.002
! Increment Strain range [mm/mm]
!sr_fin=0.01 !0.03
! Final Strain range [mm/mm]
!mrat_ini=0
! -1=ZtC, 0=CR, 1=ZtT, 2= SR of 0.05
!mrat_inc=-1
!mrat_fin=0
!
ang_ini=0.0
! 90 is L-oriented 0 is T-oriented
ang_inc=-45.0
ang_fin=0.0 !90.0
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Parametric Simulation Initiation
!
I=1
J=1
K=1
L=1
M=1
!*DO,tmc,tmc_ini,tmc_fin,tmc_inc
! Compressive temperature [degrees C]
!*DO,tmt,tmt_ini,tmt_fin,tmt_inc
! Tensile temperature [degrees C]
!*DO,tempstuff,2,4,1
! temperature stuff [degrees C]
!*DO,mrat,mrat_ini,mrat_fin,mrat_inc
! Strain ratio [unitless]
!*DO,sr,sr_ini,sr_fin,sr_inc
! Strain range [mm/mm]
*DO,ang,ang_ini,ang_fin,ang_inc
! Strain range [mm/mm]
*DO,holdnumber,holdnumber_ini,holdnumber_fin,holdnumber_inc
!hold time for
single hold
!*DO,strainstuff,1,4,1
*DO,csvlist,1,numtes,1
PARSAV,,FEA_Parameters1,txt
*IF,I,GT,1,THEN
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! File Naming Convention
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Finish
/clear
/PREP7
PARRES,,FEA_Parameters1,txt
*ENDIF
Finish
/FILNAME, C1-S1-Ph1a
/title, C1-S1-Ph1a Isothermal Fatigue Simulation
/prep7
/OUTPUT, FEA_Junk1,txt,,
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Simulations set conditions
/inquire, numtes,lines,testconditions,csv
*DIM,tespar,array,numtes,7
*VREAD,tespar(1,1),testconditions,csv,,JIK,7,numtes
(E11.5,F10.0,F10.0,F10.0,E11.5,F10.0,F10.0)

sr=tespar(csvlist,1)
tmc=tespar(csvlist,2)
tmt=tespar(csvlist,3)
mrat=tespar(csvlist,4)
strain_rate=tespar(csvlist,5)
holdtime=tespar(csvlist,6)
dwelltype=tespar(csvlist,7)

! Strain Range
! Temperature in compression
! Temperature in tension
! Strain Ratio -1=ZtC, 0=CR, 1=ZtT
! Strain rate mm/mm/sec
! Dwell in seconds
!1=dwell in tension, 0=dwell in compression

holdtime=holdtime/3600
*IF, holdtime, eq, 0, then
holdtime=1.02e-2/3600
*ENDIF
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Dwells
!
!*IF, holdnumber, EQ, 1, THEN
!holdtime=1.02e-2/3600
!*ENDIF
!*IF, holdnumber, EQ, 2, THEN
!holdtime=20/60
!*ENDIF
237

!*IF, holdnumber, EQ, 3, THEN
!holdtime=20
!*ENDIF
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Define the specimen dimensions
!
side_length=1.00 ! in units of mm
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Define the nodes
! Total of 8 Nodes
N, 1 ,0,0,0
! Node,number,xcord,ycord,zcord
N, 2 ,side_length,0,0
N, 3 ,side_length,side_length,0
N, 4 ,0,side_length,0
N, 5 ,0,0,side_length
N, 6 ,1,0,side_length
N, 7 ,side_length,side_length,side_length
N, 8 ,0,side_length,side_length
!
! Create Node Groups
!
! All Nodes - NDALL
NSEL, S , node , , 1 , 8 , 1
CM, NDALL , NODE
!
! Bottom Nodes - BOTTOM
NSEL, S , node , , 1 , 4 , 1
CM, BOTTOM , NODE
!
! Top Nodes - TOP
NSEL, S , node , , 5 , 8 , 1
CM, TOP , NODE
!
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! Clear Selected Nodes
NSEL, ALL
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Define a local system to transform material properties into desired orientation
!local,11,0,0,0,0,0,0,ang,,
! use this one to rotate in the transverse plane..
!local,11,0,0,0,0,45,45,45,,
!local,11,0,0,0,0,0,ang,45,,
! 011
local,11,0,0,0,0,0,ang,0,,
ESYS,11
! the local system is selected for all defined elements
!
! Define the elements
ET, 1 , Solid185 , 0
!
! Assign elements to nodes
E, 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Define the material: Generic materials
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Elastic Properties (Hooke's Law):
MPTEMP,1,20,400,600,700,800,900
MPTEMP,7,950,1000
MPDATA,EX,1,1,120553,111453,106663,101000,94000,84000.25 ! Long
MPDATA,EX,1,7,77737,71000
MPDATA,EY,1,1,120553,111453,106663,101000,94000,84000.25 ! Long
MPDATA,EY,1,7,77737,71000
MPDATA,EZ,1,1,120553,111453,106663,101000,94000,84000.25 ! Long
MPDATA,EZ,1,7,77737,71000
MPDATA,PRYZ,1,1,0.387,0.387,0.389,0.390,0.391,0.392 ! TT
MPDATA,PRYZ,1,7,0.393,0.396
MPDATA,PRXZ,1,1,0.387,0.387,0.389,0.390,0.391,0.392
! TL
MPDATA,PRXZ,1,7,0.393,0.396
MPDATA,PRXY,1,1,0.387,0.387,0.389,0.390,0.391,0.392 ! TL
MPDATA,PRXY,1,7,0.393,0.396
MPDATA,GXY,1,1,139540,111668,107000,102000,99000,93000 ! Shear TL
MPDATA,GXY,1,7,90000,87000
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MPDATA,GYZ,1,1,139540,111668,107000,102000,99000,93000 ! Shear TL
MPDATA,GYZ,1,7,90000,87000
MPDATA,GXZ,1,1,139540,111668,107000,102000,99000,93000 ! Shear TL
MPDATA,GXZ,1,7,90000,87000
TB,CHABOCHE,1,8,3
TBTEMP,20
TBDATA,1,950
!YIELD STRESS
TBDATA,2,509373.4048,14236.36303
!C1
TBDATA,4,43216.41552,1330.900552
!C2
TBDATA,6,12349.40634,251.3742723
!C3
TBTEMP,400
TBDATA,1,967
!YIELD STRESS
TBDATA,2,942285.3055,14258.64909
!C1
TBDATA,4,14529.58991,1327.785578
!C2
TBDATA,6,18690.15841,249.9202318
!C3
TBTEMP,600
TBDATA,1,1050
!YIELD STRESS
TBDATA,2,1324253.534,14367.47244
!C1
TBDATA,4,126112.0069,1304.993592
!C2
TBDATA,6,38411.48754,245.9421725
!C3
TBTEMP,700
TBDATA,1,1090
!YIELD STRESS
TBDATA,2,1178136.344,14335.12341
!C1
TBDATA,4,109541.5863,1313.292547
!C2
TBDATA,6,32927.2746,246.7057873
!C3
TBTEMP,800
TBDATA,1,980
!YIELD STRESS
TBDATA,2,1479018.677,14441.18546
!C1
TBDATA,4,147479.4864,1292.382952
!C2
TBDATA,6,46069.17259,243.974919
!C3
TBTEMP,900
TBDATA,1,923
!YIELD STRESS
TBDATA,2,1365020.82,14695.69436
!C1
TBDATA,4,152216.114,1294.200721
!C2
TBDATA,6,50546.29022,235.0536567
!C3
TBTEMP,950
TBDATA,1,816
!YIELD STRESS
TBDATA,2,407655.0296,15927.50808
!C1
TBDATA,4,61257.89616,1331.885759
!C2
TBDATA,6,23892.958885,209.8751953
!C3
TBTEMP,1000
TBDATA,1,686
!YIELD STRESS
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TBDATA,2,182268.0495,15351
TBDATA,4,51926.77347,1402
TBDATA,6,18758.8949,212

!C1
!C2
!C3

! Cubic (Hill's Potential SX is X-axis): ! ...
! Constants, rxx, ryy, rzz, rxy, ryz, rxz
! Constants, rLL, rTT, rTT, r_LT, rTT, r_LT
TB,HILL,1,8
! HILL TABLE
TBTEMP,20
TBDATA, 1,1, 1, 1,1.85 , 1.85, 1.85
TBTEMP,400
TBDATA, 1,1, 1, 1, 1.81, 1.81, 1.81
TBTEMP,500
TBDATA, 1,1, 1, 1, 1.81, 1.81, 1.81
TBTEMP,600
TBDATA, 1,1, 1, 1, 1.85 , 1.85, 1.85
TBTEMP,750
TBDATA, 1,1, 1, 1, 1.88 , 1.88, 1.88
TBTEMP,850
TBDATA, 1,1, 1, 1, 1.92, 1.92, 1.92
TBTEMP,950
TBDATA, 1,1, 1, 1, 1.92, 1.92, 1.92
TBTEMP,1050
TBDATA, 1,1, 1, 1, 2, 2, 2

TB,Creep,1,43,,10
TBTEMP,20
TBDATA,1,1E-100,0,0
TBTEMP,590
TBDATA,1,1.62200994382135E-48,15.34509,0
TBTEMP,600
TBDATA,1,1.35066342852921E-46,14.6986,0
TBTEMP,610
TBDATA,1,1.12471055070622E-44,14.05211,0
TBTEMP,620
TBDATA,1,9.36557395536628E-43,13.40562,0
TBTEMP,630
TBDATA,1,7.79880436423029E-41,12.75913,0
TBTEMP,640
TBDATA,1,6.49414011371807E-39,12.11264,0
TBTEMP,650
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TBDATA,1,5.4077335251584E-37,11.46615,0
TBTEMP,660
TBDATA,1,4.50307221079975E-35,10.81966,0
TBTEMP,670
TBDATA,1,3.74975195085689E-33,10.17317,0
TBTEMP,680
TBDATA,1,3.12245485631639E-31,9.82668,0
TBTEMP,690
TBDATA,1,2.60009847518202E-29,9.58019,0
TBTEMP,700
TBDATA,1,2.16512724498421E-27,8.7337,0
TBTEMP,710
TBDATA,1,1.80292247840527E-25,8.28721,0
TBTEMP,720
TBDATA,1,1.50131105258097E-23,7.34072,0
TBTEMP,730
TBDATA,1,1.25015628991184E-21,6.69423,0
TBTEMP,740
TBDATA,1,1.04101728054243E-19,6.04774,0
TBTEMP,750
TBDATA,1,8.66865196882203E-18,5.40125,0
TBTEMP,760
TBDATA,1,3.07861023211896E-16,5.1165696,0
TBTEMP,770
TBDATA,1,5.07495811562816E-16,5.1094159,0
TBTEMP,780
TBDATA,1,8.36585274961987E-16,5.06679764,0
TBTEMP,790
TBDATA,1,1.37907526788838E-15,5.03022511,0
TBTEMP,800
TBDATA,1,2.27334696344949E-15,5.0194224,0
TBTEMP,810
TBDATA,1,3.74751584381495E-15,4.95879431,0
TBTEMP,820
TBDATA,1,6.17762058561199E-15,4.92393604,0
TBTEMP,830
TBDATA,1,1.01835449642628E-14,4.88964919,0
TBTEMP,840
TBDATA,1,1.67871410362586E-14,4.85593376,0
TBTEMP,850
TBDATA,1,2.76728884843334E-14,4.72278975,0
TBTEMP,860
TBDATA,1,4.56175804690219E-14,4.69021716,0
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TBTEMP,870
TBDATA,1,7.51986424917584E-14,4.65821599,0
TBTEMP,880
TBDATA,1,1.23961765934592E-13,4.62678624,0
TBTEMP,890
TBDATA,1,2.04345702321776E-13,4.59592791,0
TBTEMP,900
TBDATA,1,3.36855204849315E-13,4.565641,0
TBTEMP,910
TBDATA,1,5.55291487634986E-13,4.53592551,0
TBTEMP,920
TBDATA,1,9.15374415478624E-13,4.50678144,0
TBTEMP,930
TBDATA,1,1.50895581720788E-12,4.47820879,0
TBTEMP,940
TBDATA,1,2.4874495286117E-12,4.45020756,0
TBTEMP,950
TBDATA,1,4.10045482235492E-12,4.42277775,0
TBTEMP,960
TBDATA,1,6.75942549055771E-12,4.39591936,0
TBTEMP,970
TBDATA,1,1.11426256212625E-11,4.36963239,0
TBTEMP,980
TBDATA,1,1.83681447349415E-11,4.34391684,0
TBTEMP,990
TBDATA,1,3.0279105883262E-11,4.31877271,0
TBTEMP,1000
TBDATA,1,4.9913819077532E-11,4.19942,0

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Create Boundary Conditions
!
! Left Boundary
D, 1 , UX , 0
! Fixed X displacement on LEFT nodes
D, 4 , UX , 0
! Fixed X displacement on LEFT nodes
D, 5 , UX , 0
! Fixed X displacement on LEFT nodes
D, 8 , UX , 0
! Fixed X displacement on LEFT nodes
!
! Bottom Boundary
D, BOTTOM , UZ , 0 ! Fixed Z displacement on BOTTOM nodes
!
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D, 1, UY, 0
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Define Fatigue Cycling Parameters:
!
! Mechanical Loading
strain_range = sr
! Difference in Max and Min strains
[mm/mm]
tol=0.0001
re=(mrat-1+tol)/(mrat+1+tol)
! Strain ratio (0 = Z-to-T, -1 = CR, 900 = Z-to-C)
strain_ratio=re
*IF, mrat, EQ, 2, THEN
strain_ratio=0.05
*ENDIF
tens_hold = 18
!1.01e-2/3600
! Tension hold [hr]
comp_hold = 1.02e-2/3600
!1.00e-2/3600
!18.0
! Compression hold [hr]
first_hold = 20
!5000.0
!5000.00 !
! First hold [hr] ex:5000 hr hold
displ_range = strain_range*side_length
! Displacement [mm]
displ_max = displ_range/(1.0-strain_ratio)
! Displacement [mm]
displ_min = displ_max-displ_range
! Displacement [mm]
displ_mean = 0.5*(displ_max+displ_min)
! Displacement [mm]
strain_rate_hr = strain_rate*3600.0
! Strain rate [mm/mm/hr]
half_cycle = strain_range/strain_rate_hr/2.0
! Half cycle [hr] ! needs to be
modified for z-t and z-c
full_cycle = 2.0*half_cycle
! Full cycle [hr]
!displ_rate = displ_range/half_cycle
!
! Cycle Stepping and Ramping Time
num_cycles = 2
tot_load_steps=num_cycles*4+2
load_init_time = 1.0E-2/3600.0
! Initial Load Time [hr]
load_mini_time = 1.0E-4/3600.0
! Minimum Deltim step time
[hr]
load_mini_dwell_time = 1.0E-4/3600.0
! Minimum Deltim
step time [hr]
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load_maxi_time = 1.0E-1/3600.0

! Maximum Deltim step time

[hr]
load_maxi_dwell_time = 300
!10000.0/3600.0
! Maximum
Deltim step time [hr]
load_ramp_time = 1.0E-10/3600.0
! Ramp time used in Deltim
[hr]
data_freq = 1.0
! Frequency of data capture
!
! Temperature Cycling
tmca=tmc*isotherm+(1-isotherm)*tmt
max_temp=0.5*(tmt+tmca+abs(tmt-tmca))
min_temp=0.5*(tmt+tmca-abs(tmt-tmca))
temp_range=abs(tmt-tmca)
!temp_rate=temp_range/full_cycle
!
*IF, tmt, NE, tmca, THEN
!temp controlled strain rate for TMF
temp_rate = 2
!3 degress per second for TMF
temp_rate_hr = temp_rate*3600.0
half_cycle = temp_range/temp_rate_hr/2.0
! Half cycle [hr] ! needs to be
modified for z-t and z-c
full_cycle = 2.0*half_cycle
! Full cycle [hr]
*ENDIF
load_init_time = half_cycle/100.0
load_mini_time = half_cycle/200.0
load_maxi_time = half_cycle/50.0

! Initial Load Time [hr]
! Minimum Deltim step time [hr]
! Maximum Deltim step time

[hr]

!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Assign the Peak-Valley-Period Values (based on strain ratio and phasing)
!
! Cycling rules:
!
Rule #2: If CR and compression hold exceeds tensile hold, then go to compression
first
!
!

Rule #3: If zero-to-compression, proceed to minimum displacement first
Rule #4: If zero-to-tension, proceed to maximum displacement first
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!
Rule #5: Initial portion of the cycle goes from zero-displacement and mean temp
!
!
peak_displ=displ_max
valley_displ=displ_min
mean_temp=0.5*(tmt+tmca)
temp_init=mean_temp
peak_temp=tmt
valley_temp=tmca
*IF,dwelltype,EQ,1,THEN
peak_hold=holdtime
valley_hold=1.01e-2/3600
*ENDIF
*IF,dwelltype,EQ,0,THEN
peak_hold=1.01e-2/3600
valley_hold=holdtime
*ENDIF

!
!
*IF, SINGLEHOLD, EQ, 0, THEN
*IF,mrat,eq,0,and,comp_hold,gt,tens_hold,THEN ! See Rule #2
peak_displ=displ_min
valley_displ=displ_max
*ENDIF
*ENDIF
!
*IF,mrat,eq,-1,THEN ! See Rule #3 (only in Z-to-C case)
peak_displ=displ_min
valley_displ=displ_max
half_cycle=half_cycle*2
peak_temp=tmca
valley_temp=tmt
temp_init=tmt
*IF,dwelltype,EQ,0,THEN
peak_hold=holdtime
valley_hold=1.01e-2/3600
*ENDIF
*IF,dwelltype,EQ,1,THEN
peak_hold=1.01e-2/3600
valley_hold=holdtime
*ENDIF
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*ENDIF
!
*IF,mrat,eq,1,THEN ! See Rule #4 (only in Z-to-T case)
peak_displ=displ_max
valley_displ=displ_min
half_cycle=half_cycle*2
peak_temp=tmt
valley_temp=tmca
temp_init=tmca
*IF,dwelltype,EQ,1,THEN
peak_hold=holdtime
valley_hold=1.01e-2/3600
*ENDIF
*IF,dwelltype,EQ,0,THEN
peak_hold=1.01e-2/3600
valley_hold=holdtime
*ENDIF
*ENDIF
!
!*IF,mrat,eq,-1,THEN ! See Rule #5
!init_period_hr=half_cycle*peak_displ/displ_range ! Period of Step 1 cycle [hr]
!displ_init=0
! Initial displacement for Step 0 [mm]
!*ENDIF
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! For hold only at max temp
*IF, SINGLEHOLD, EQ, 1, THEN
*IF,mrat,eq,0,and,tmca,gt,tmt,THEN ! See Rule #2
peak_displ=displ_min
valley_displ=displ_max
peak_temp=tmca
valley_temp=tmt
*ENDIF
*IF, peak_temp, GT, valley_temp, THEN
peak_hold=holdtime
valley_hold=1.01e-2/3600
*ENDIF
*IF, peak_temp, LT, valley_temp, THEN
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peak_hold=1.01e-2/3600
valley_hold=holdtime
*ENDIF
!*IF, peak_temp, EQ, valley_temp, THEN
!peak_hold=holdtime
!valley_hold=holdtime
!*ENDIF

*ENDIF
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Fixing the substep times
load_init_dwell_time_peak = 1.0E-2/3600.0
load_init_dwell_time_valley = 1.0E-2/3600.0
load_init_dwell_time_first = 1.0E-2/3600.0
*IF, first_hold, GT, 2.0E-2/3600, THEN
load_init_dwell_time_first = first_hold/20
*ENDIF
*IF, peak_hold, GT, 2.0E-2/3600, THEN
load_init_dwell_time_peak = peak_hold/20
*ENDIF
*IF, valley_hold, GT, 2.0E-2/3600, THEN
load_init_dwell_time_valley = valley_hold/20
*ENDIF

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!Fixing first hold

*IF, firstholdon, EQ, 0, THEN
first_hold=peak_hold
*ENDIF
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!TUNIF,70
!tref,temp_init

!ignore CTE for single element case

FINISH
! Finish pre-processing
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
!switch back to the global system to define boundry conditions
!local,12,0,0,0,0,0,-ang,0,,
! trying to get reference frame back to global
!rsys,0
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
! Begin Initial Solution Stage
/CONFIG,NRES,500000
/NERR,5000000,5000000,,0
/SOLU
ALLSEL
!
! Step 1
! renamed step
total_time = abs(load_ramp_time)
! Total time [s]
Antype, trans
!
ANTYPE,
Antype,
Status,
LDSTEP, SUBSTEP, Action
nropt,auto
! Uses Newton-Raphson
lnsrch,auto
! Auto line searching for NR
NLGEOM,auto
! Non-linear geometry
Solcontrol, 1
! Optimizes nonlinear solutions
Cnvtol,F,3
Time, total_time
! Time at end of step
NSUBST,5,1000,5
! Specifies substeps
!Deltim, load_init_time, load_mini_time, load_maxi_time ! DELTIM, DTIME, DTMIN,
DTMAX, Carry
Autots, 1
! Auto Time Stepping
!D, TOP , UZ , displ_init
!
modified
displacement
!NSEL,ALL
BF,ALL,TEMP,temp_init
! Nodal body force load
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Outres, All, data_freq
Crplim, 20, 1
Ratio Limit
Rate, 0
Kbc, 0
1=stepped
Solve

! Outputs data to be read by ESOL
! CRPLIM, CRCR, Option, !Creep
! Activates Creep for step
! Specifies stepped or ramped load,

! Step 2:
total_time = abs(half_cycle)+total_time
Antype, trans
nropt,auto
lnsrch,auto
NLGEOM,auto
Solcontrol, 1
Cnvtol,F,3
Time, total_time
NSUBST,30,100,30 !NSUBST,70,100,70
!Deltim, load_init_time, load_mini_time, load_maxi_time
Autots, 1
D, TOP , UZ , peak_displ
displacement
!NSEL,ALL
BF,ALL,TEMP,peak_temp
Outres, All, data_freq
Crplim, 20, 1
Rate, 1
Kbc, 0
Solve

!

modified

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Continue Solution Stage with Subsequent Cycling
total_cycles=num_cycles
! Number of cycles
*do,cycle,1,total_cycles,1
! Do cycles from 1 to total_cycles
with increment 1
! Step 3:
*GET, LOADNUM,ACTIVE,0,SOLU, NCMLS
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*IF, LOADNUM, EQ, 2, THEN
! Equal to 2 because the 3rd
load step hasn't started yet
total_time = abs(first_hold) + total_time
*ELSE
total_time = abs(peak_hold) + total_time
*ENDIF
Antype, trans
nropt,auto
lnsrch,auto
NLGEOM,auto
! Non-linear geometry
Solcontrol, 1
Cnvtol,F,3
Time, total_time
NSUBST,30,100,30
!*IF, LOADNUM, EQ, 2, THEN
!Deltim, load_init_dwell_time_first, load_mini_dwell_time, load_maxi_dwell_time
!*ELSE
!Deltim, load_init_dwell_time_peak, load_mini_dwell_time, load_maxi_dwell_time
!*ENDIF
Autots, 1
D, TOP , UZ , peak_displ
!
modified
displacement
NSEL,ALL
BF,ALL,TEMP,peak_temp
Outres, All, data_freq
Crplim, 20, 1
Rate, 1
Kbc, 0
Solve
! Step 4:
total_time = abs(full_cycle) + total_time
Antype, trans
nropt,auto
lnsrch,auto
NLGEOM,auto
! Non-linear geometry
Solcontrol, 1
Cnvtol,F,3
Time, total_time
NSUBST,30,100,30
!Deltim, load_init_time, load_mini_time, load_maxi_time
Autots, 1
D, TOP , UZ , valley_displ
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!

modified

displacement
NSEL,ALL
BF,ALL,TEMP,valley_temp
Outres, All, data_freq
Crplim, 20, 1
Rate, 1
Kbc, 0
Solve
! Step 5:
total_time = abs(valley_hold) + total_time
Antype, trans
nropt,auto
lnsrch,auto
NLGEOM,auto
! Non-linear geometry
Solcontrol, 1
Cnvtol,F,3
Time, total_time
NSUBST,30,100,30
!Deltim, load_init_dwell_time_valley, load_mini_dwell_time, load_maxi_dwell_time
Autots, 1
D, TOP , UZ , valley_displ
!
modified
displacement
NSEL,ALL
BF,ALL,TEMP,valley_temp
Outres, all, data_freq
Crplim, 20, 1
Rate, 1
Kbc, 0
Solve
! Step 6:
total_time = abs(full_cycle) + total_time
Antype, trans
nropt,auto
lnsrch,auto
NLGEOM,auto
! Non-linear geometry
Solcontrol, 1
Cnvtol,F,3
Time, total_time
NSUBST,30,100,30
!Deltim, load_init_time, load_mini_time, load_maxi_time
Autots, 1
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D, TOP , UZ , peak_displ
displacement
NSEL,ALL
BF,ALL,TEMP,peak_temp
Outres, all, data_freq
Crplim, 20, 1
Rate, 1
Kbc, 0
Solve
*enddo
FINISH

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
/Post1
/OUTPUT, FEA_Junk3,txt
ALLSEL
RSYS,0
! global
*GET,LSTSET, ACTIVE, 0, SET, NSET
*GET,RFTSET, ACTIVE, 0, SET, NSET,LAST,8
!TOTARRAYSTEPS=LSTSET-RFTSET+1
TOTARRAYSTEPS=LSTSET

*dim,atime,array,TOTARRAYSTEPS
*dim,acurlo,array,TOTARRAYSTEPS
*dim,acursb,array,TOTARRAYSTEPS
*dim,atemp,array,TOTARRAYSTEPS
*dim,aestrn,array,TOTARRAYSTEPS
*dim,apstrn,array,TOTARRAYSTEPS
*dim,acstrn,array,TOTARRAYSTEPS
*dim,atstrn,array,TOTARRAYSTEPS
*dim,astrss,array,TOTARRAYSTEPS

!t=1
!*DO,tttt,RFTSET,LSTSET,1
*DO,t,1,LSTSET,1
!SET,,,,,,,tttt
SET,,,,,,,t
*GET,acurlo(t), ACTIVE, 0, SET, LSTP
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modified

*GET,acursb(t), ACTIVE, 0, SET, SBST

!get the current sub

step
*GET,atime(t), ACTIVE,0, SET, TIME
ETABLE, ESTRVALN, EPEL, Z
other stresses and strains
ETABLE, PSTRVALN, EPPL, Z
ETABLE, CSTRVALN, EPCR, Z
ETABLE, TSTRVALN, EPTT, Z
ETABLE, STRSVALN, S, Z
ETABLE, TEMPVAL, BFE, TEMP

! Make an element table for

*get,aestrn(t),elem,1,etab,ESTRVALN
*get,apstrn(t),elem,1,etab,PSTRVALN
*get,acstrn(t),elem,1,etab,CSTRVALN
*get,atstrn(t),elem,1,etab,TSTRVALN
*get,astrss(t),elem,1,etab,STRSVALN
*get,atemp(t),elem,1,etab,TEMPVAL

!t=t+1
*ENDDO
mxstrn=atstrn(RFTSET)
mnstrn=atstrn(LSTSET)
mxstrs=astrss(RFTSET)
mnstrs=astrss(LSTSET)
mxtem=atemp(RFTSET)
mxrate=strain_rate
! Hysteresis File
*CFOPEN,
FEA_N_%tmc%_%tmt%_%sr%_%mrat%_%strain_rate%_%holdtime%_%dwelltype%,data,,
*VWRITE, atime(1),acurlo(1), acursb(1), atemp(1), aestrn(1), apstrn(1), acstrn(1),
atstrn(1), astrss(1)
! If using an array and put (1), will write all rows, which saves processing
time
(E11.5,6X F10.2,6X F10.2,6X F10.2,6X E11.5,6X E11.5,6X E11.5,6X E11.5,6X F10.3)
*CFCLOS
! Index File
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*CFOPEN, FEA_Index_N,txt,,append
JOB_NAME1='FEA_N_%tmc%_%tmt%_%sr%_'
JOB_NAME2='%mrat%_%strain_rate%_%holdtime%_%dwelltype%'
*VWRITE, JOB_NAME1,JOB_NAME2
%C%C

*CFOPEN, FEA_SUM, txt,,append
*vwrite, mxtem, mxrate, mxstrn, mxstrs, mnstrn, mnstrs
(F10.2, 6x E11.5, 6x E11.5, 6x F10.2, 6x E11.5, 6x F10.2)
/OUTPUT, FEA_Junk22,txt
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Parametric Simulation Termination
!
I=I+1
J=J+1
K=K+1
L=L+1
M=M+1
FINISH
*ENDDO
*ENDDO
!*ENDDO
*ENDDO
!*ENDDO
!*ENDDO

Finish
/clear
/POST1
/inquire,numind,lines,FEA_Index_N,txt
*DIM,indfil,array,numind
*SREAD,indfil,FEA_Index_N,txt,,,
*DIM,nuln,array,numind
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*DO,xx, 1, numind
/inquire,nuln(xx),lines,indfil(1,xx),data
*DIM,arr%xx%,array,nuln(xx),9
*VREAD,arr%xx%(1,1),indfil(1,xx),data,,JIK,9,nuln(xx)
(E11.5,6X F10.2,6X F10.2,6X F10.2,6X E11.5,6X E11.5,6X E11.5,6X E11.5,6X F10.3)
*ENDDO
*vscfun,numfr,max,nuln
numfc=10*numind
*DIM,fortrx,array,numfr,numfc
*DO,zz,1,numind
colnum=10*(zz-1)+1
blankcol=10*zz
*mfun,fortrx(1,colnum),copy,arr%zz%(1,1)
fortrx(1,blankcol)=0
ntimes=numind-1
*ENDDO
*CFOPEN, tempinput,txt,,
texline1='*mwrite,fortrx,combineddata,csv,,,'
texline2='(E11.5,"," F10.2,"," F1'
texline3='0.2,"," F10.2,",'
texline4='" E11.5,"," E11.5,"," E1'
texline5='1.5,"," E'
texline6='11.5,"," F10.3,"," F'
texline7='1.0, %ntimes%(",'
texline8='" E11.5,"," F10.2,",'
texline9='" F10.2,"," F10.'
texline10='2,"," E11.5,"," E1'
texline11='1.5,"," E11.5,'
texline12='"," E11.5,"," F10.3,"'
texline13='," F1.0))'
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*VWRITE,
texline1,texline2,texline3,texline4,texline5,texline6,texline7,texline8,texline9,texline10,texline11
,texline12,texline13
%C%/%C%C%C%C%C%C%C%C%C%C%C%C
*CFCLOS
/input,tempinput,txt
FINISH
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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B.2 Elasticity Surface Code
%% Author: Firat Irmak
function Elastic_surfaces_DS(Unit,C)
%% Initial Matrix C, i.e. Stiffness Tensor C
Name='Generic DS';
%% Apply surface plot in spherical coordinate (3D)
[theta, phi]=meshgrid( linspace(0,pi), linspace(0,2*pi) );
L1=sin(theta).*cos(phi);
L2=sin(theta).*sin(phi);
L3=cos(theta);
[V, A, Vmin, Vmax] = getE(C, L1, L2, L3); % FIND Elastic
Modulus
%ezp Nov29 move [V, A, Vmin, Vmax] = getG(C, theta, phi); %
FIND Shear Modulus only for cubic
x=V.*L1; y=V.*L2; z=V.*L3;
% or apply function which transfer Spherical coordinate to
Cartesian coordinate
% [x,y,z] = sph2cart(phi, pi/2-theta,V);
%disp(sprintf('%s: Anisotropy =%6.2f, Min =%6.2f, Max
=%6.2f\n', Name, A, Vmin, Vmax));
disp(sprintf('-------------------------------------------------'))
SphericalPlot(x, y, z, V);
%% Set output plot method or configuration
axis tight; title(sprintf('%s Anisotropy =%6.2f',Name,A));
daspect([1 1 1]);
view(45,30); % View angle. update (30,30) if needed.
colormap jet; % default value for color in Matlab old version
cbar=colorbar; title(cbar, Unit);
camlight; lighting phong;
%% Set output figure format
set(gca,'position',[0.12,0.05, 0.6,0.85]);
set(gcf,'position',[500,500, 380,350]); % update size, for
example [20,20,1000,900]
set(gcf, 'PaperPositionMode', 'auto');
print(gcf,'-dpng','-r600', [Name,'.png'])
%% Apply matrix C (Stiffness Tensor) and direction vector L1,
L2, L3 to calculate elastic constant E
function [E, A, Emin, Emax] = getE(C, L1, L2, L3)
S=inv(C); % Calculate Matrix S, i.e. Compliance Tensor
S11=S(1,1); S12=S(1,2); S13=S(1,3); S14=S(1,4); S15=S(1,5);
S16=S(1,6);
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S22=S(2,2); S23=S(2,3); S24=S(2,4); S25=S(2,5); S26=S(2,6);
S33=S(3,3); S34=S(3,4); S35=S(3,5); S36=S(3,6);
S44=S(4,4); S45=S(4,5); S46=S(4,6);
S55=S(5,5); S56=S(5,6);
S66=S(6,6);
% Triclinic system, degree of symmetry is the lowest in 7
systems, so
% it has the most number of independent. 21. i.e. it is general
system.
%ezpNov29 A=0;
A=2*(S11-S12)/S44;
% ----------------------------------------------------------E=S11 * L1.^4 + S22 * L2.^4 + S33 * L3.^4 ...
+ (S44+2*S23) * (L2.*L3).^2 + (S55+2*S13) * (L1.*L3).^2 +
(S66+2*S12) * (L1.*L2).^2 ...
+ 2*((S14+S56) * L1.^2 + S24 * L2.^2 + S34 * L3.^2) .* L2.*L3
...
+ 2*( S15 * L1.^2 + (S25+S46) * L2.^2 + S35 * L3.^2) .* L1.*L3
...
+ 2*( S16 * L1.^2 + S26 * L2.^2 + (S36+S45) * L3.^2) .* L1.*L2;
% <On Anisotropic Elastic Materials for which Young s Modulus
E(n) is Independent of
% n or the Shear Modulus G(n,m) is Independent of n and m>
% -------------------------------------------------------------% Cubic Class, Elastic Constants, verify the triclinic
system(general system)
% A=2*(S11-S12)/S44;
% E=S11+(1-A)*S44*( (L1.*L2).^2+(L2.*L3).^2+(L3.*L1).^2 );
E=1./E;
% FIND extreme value, (max and min value) for any class.
Emin=min(E(:)); Emax=max(E(:));
%fprintf('A=%8.4f Emin=%8.4f Emax=%8.4f \n', A, Emin, Emax);
% Cubic system, compare the value above to verify it.
% Emax=1/S11; Emin=1/(S11+(1-A)*S44/3);
% if(A>1); Emin=1/S11; Emax=1/(S11+(1-A)*S44/3); end
end
%% FIND Shear modulus G extreme value
% Based on matrix C and spherical coordinate theta, phi,%ezp
% ONLY available for Cubic System
function [G, A, Gmin, Gmax] = getG(C, theta, phi)
S=inv(C); % compute matrix S, i.e. Compliance Tensor
A=2*(S(1,1)-S(1,2))/S(4,4);
L1=sin(theta).*cos(phi);
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L2=sin(theta).*sin(phi);
L3=cos(theta);
theta = theta(:); phi = phi(:);
G = zeros(length(phi),1);
for i=1:length(G)
[x, Gmin] = fminbnd(@(x) Gcubic(S, theta(i), phi(i), x), 0,pi);
G(i) = Gmin;
%ezp [x, Gmax] = fminbnd(@(x) -Gcubic(theta(i), phi(i), x),
0,pi); G(i) = -Gmax;
end
G = reshape(G, size(L1));
Gmin=min(G(:)); Gmax=max(G(:));
fprintf('A=%8.4f Gmin=%8.4f Gmax=%8.4f \n', A, Gmin, Gmax);
end
%% Plot 2D surface figure
function SphericalPlot(x, y, z, v)
% color mapping curved surface
surf(x,y,z,v, 'FaceColor','interp', 'EdgeColor','none');
% curved surface project on coordinat system.
hold on
f=1.2; % set project position
xr=xlim; yr=ylim; zr=zlim;
mesh(zeros(size(x))+f*xr(1), y, z, v)
mesh(x, zeros(size(y))-f*yr(1), z, v)
mesh(x, y, zeros(size(z))+f*zr(1), v)
hold off
% modulus cross sectional drawing, it is better to comment
lines surf and mesh above.
vmax=max(v(:)); %ezp
[X,Y,Z]=meshgrid(linspace(-vmax,vmax)); %ezp
contourslice(X,Y,Z, X, x,y,z,[0 0]); %ezp
contourslice(X,Y,Z, -Y, x,y,z,[0 0]); %ezp
contourslice(X,Y,Z, Z, x,y,z,[0 0]); %ezp
end
%% Plot 3D isosurface figure
function CartesianPlot(x, y, z, v, c)
p=patch(isosurface(x,y,z,v,0));
isocolors(x,y,z,c,p);
isonormals(x,y,z,v,p);
set(p,'FaceColor','interp', 'EdgeColor','none');
end
end
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